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Claims 20, 49-51, 54-57, and 59 were pending in the subject application. Applicants 
have herein canceled claims 54 and 55, and amended claims 20, 49, 51, 56, 57, and 59. 
Applicants have added new claims 65-67. The amendments and new claims are fully supported 
in the specification as follows: Claim 20 : page 3, lines 14-16; Claims 49, 56 and 57 : page 7, line 
28 to page 8, line 2; page 15, lines 1-9; Claim 51 : page 14, lines 14-31; page 7, line 28 to page 8, 
line 2; page 15, lines 1-9; and Claim 59 : page 15, lines 10-18. Specifically, applicants point out 
that language regarding injection of hMSCs and delivery of hMSC via catheter provide de facto 
support for the language "site-specific" in claims 49 and 57. Thus, applicants maintain that these 
amendments do not present new matter. Accordingly, applicants respectfully request that the 
Examiner enter this Amendment. Upon entry of this Amendment, claims 20, 49-51, 56, 57, 59 
and 65-67 will be pending and under examination. 

Rejection of claims 20, 49-51, 54-57 and 59 under 
35 U.S.C. §112, First Paragraph (Written Description) 

The Examiner rejected claims 20, 49-51, 54-57 and 59 under 35 U.S.C. §112, second 
paragraph, as allegedly failing to comply with the written description requirement because 
amendment of the claims to recite the term "effective" is considered new matter. The Examiner 
stated that the specification provides support for a sufficient amount but not for an effective 
amount, and since a minimal amount may be sufficient, it would be different in scope if changed 
to an effective amount to create an ion channel or induce a pacemaker current. 

Applicants respectfully disagree. Applicants maintain that in the context of the instant 
claims the terms "effective" and "sufficient" are synonymous, since any amount which is 
sufficient to create an ion channel or induce a pacemaker current is effective to do the same. 
Nevertheless, to advance prosecution of the subject application, applicants have amended claims 
20, 51, 57 and 59 to recite "sufficient" instead of "effective." As noted by the Examiner, the 
specification provides explicit support for the expression of HCN2 in an amount "sufficient" to 
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create an ion channel. Accordingly, the instant amendments render this ground of rejection 
moot, and applicants respectfully request that it be withdrawn. 



Rejection of claims 20, 49-51, 54-57 and 59 under 
35 U.S.C. §112, First Paragraph (Enablement) 

The Examiner stated that to the extent the claimed compositions and/or methods are 
not described in the disclosure, claims 20, 49-51, 54-57 and 59 are also rejected as not 
enabled. 

In response, applicants maintain that the amendment of claims 20, 51, 57 and 59 to 
recite "sufficient" instead of "effective" renders this rejection moot. Accordingly, applicants 
respectfully request that the Examiner withdraw this ground of rejection. 

The Examiner also rejected claims 20, 49-51, 54-57 and 59 under 35 U.S.C. §1 12, first 
paragraph, as allegedly failing to comply with the enablement requirement on the basis that one 
of ordinary skill in the art would have had to perform undue experimentation to make and/or use 
the invention. The Examiner also referred to the factors for evaluating "undue experimentation" 
set forth in In re Wands, 858 F.2d at 737, 8 USPQ 1400, 2d at 1404, and in analyzing these 
factors, enumerated four main issues to support his contention that the specification does not 
provide specific guidance to practice the claimed invention in humans. 

More specifically, regarding the enablement rejections, the Examiner first contended 
that the specification provides no guidance on how to obtain a purified, homogeneous 
population of hMSCs. 

Applicants respectfully disagree with the Examiner's conclusions regarding the alleged 
difficulty cited by the Examiner in obtaining a homogeneous population of human MSCs. First, 
applicants note that the specification teaches a method for isolating human and canine MSCs 
from marrow aspirate. See page 29, lines 1-14. The specification also teaches that cell purity 
can be tested by flow cytometry and by the ability of hMSCs and cMSCs to differentiate into 
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osteogenic, chondrogenic, adipogenic and cardiogenic lineages. See page 29, line 22 to page 30, 
line 3, and page 30, line 26 to page 31, line 2. In addition, methods for isolating homogeneous 
(> 98% pure) hMSC populations were well known to those skilled in the art prior to the January 
13, 2003 effective filing date of the subject application. See, for example, Haynesworth et al., 
Bone (1992), 13, 69-80 ("Haynesworth") and U.S. Patent No. 5,486,359 ("the '359 patent"), 
issued January 23, 1996, at col. 4, lines 35-38, and col. 16, line 7 to col. 17, line 24 (both of 
which are attached here to as Exhibit 1). Accordingly, applicants maintain that methods for 
preparing a homogeneous population of hMSCs, which are fully described in the specification 
and were known in the art prior to the effective filing date of the subject application, could be 
readily performed by a skilled artisan without undue experimentation. 

The Examiner stated (citing Javazon et al. (2004) Exp Hematol 32: 414-425; Barry et 
al. (2004) Intl J Biochem Cell Biol 36: 568-584; Gepstein (2005) Expert Opin Biol Ther 5: 
1531-1537; and Beyer Nardi et al. (2006) Handbook Exp Pharmacol 174: 249-282) that it has 
been difficult to predict the efficacy and outcome of a transplanted hMSC. 

Applicants disagree with the Examiner's assessment and conclusions based on the above 
cited references. Applicants first note that Javazon summarizes the characterization of MSCs 
and merely speculates on potential issues surrounding the use of MSCs in tissue maintenance and 
repair. In contrast, the present application is directed to the use of MSCs to express HCN 
channels and to deliver pacemaker current at the site of delivery, and not to the use of MSCs in 
tissue maintenance and repair. 

Regarding the Barry reference, applicants also note that it merely summarizes recent 
findings and speculates on issues to consider regarding host immune response, homing 
mechanisms and differentiation of implanted cells. Again, Barry does not address the present 
claimed invention relating to the use of engineered MSCs to express the HCN2 gene. 

Regarding the Gepstein reference, in contrast to Javazon, it addresses the use of MSCs as 
biological pacemakers. However, Gepstein provides no data to support the speculation of 
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potential issues. Rather, Gepstein actually favorably reviews the applicants' work in the use of 

engineered MSCs to express the HCN2 gene, referencing their Potapova et al. paper (Cir. Res. 

(2004) 94:952-959) stating that: 

the result was the generation of an idioventricular rhythm localised at the site of 
cell transplantation. Subsequent histological examination revealed the presence of 
the grafted cells as well as the presence of gap junctions (positive connexin 
staining) between donor and host cells. 

Gepstein at page 1534, first column. Gepstein further notes that "the approach above [referring 
to Potapova reference (inventor's own work)] may be attractive for a number of reasons." 
Accordingly, none of the cited references undermine enablement of the presently claimed 
invention. 

Further, applicants respectfully point out that enablement does not require the resolution 

of all potential issues surrounding a particular claimed composition or methods, but only requires / 

one of skill in the art to practice the claimed invention without undue experimentation. 

Applicants respectfully submit that clinical trials are undertaken to consider and resolve all 

efficacy and safety issues, and that results from clinical trials are not necessary for enablement 

and allowance of certain subject matter. See MPEP 2164: 

However, to comply with 35 U.S.C. 112, first paragraph, it is not necessary to 
'enable one of ordinary skill in the art to make and use a perfected, commercially 
viable embodiment absent a claim limitation to that effect.' (citing CFMT t Inc. v. 
Yieldup Int'l Corp., 349 F.3d 1333, 1338, 68 USPQ2d 1940, 1944 (Fed. Cir. 
2003)). 

In addition, there are several cases that clearly indicate that applicants do not have to 
demonstrate an invention is completely safe to be patentable under 35 U.S.C. 112, first 
paragraph. These cases focus on safety not undermining the utility of the invention, even when 
the rejection is based on lack of enablement under 1 12, first paragraph. For example, in In re 
Brana, 51 F.3d 1560 (Fed. Cir. 1995), the Examiner rejected claims to anti-tumor compounds 
under 112, first paragraph on the basis that the tests described "were not sufficient to establish a 
reasonable expectation that the claimed compounds had a practical utility (i.e. antitumor activity 
in humans)." See pp. 1563-1564. The Fed. Cir. Reversed, stating: 
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The Commissioner counters that such in vivo tests in animals are only preclinical 
tests to determine whether a compound is suitable for processing in the second 
stage of testing, by which he apparently means in vivo testing in humans, and 
therefore are not reasonably predictive of the success of the claimed compounds 
for treating cancer in humans. The Commissioner, as did the Board, confuses the 
requirements under the law for obtaining a patent with the requirements for 
obtaining government approval to market a particular drug for human 
consumption. SeeScottv. Finney, 34F.3d 1058, 1063, 32USPQ2d 1115, 1120 
(Fed.Cir.1994) ("Testing for the full safety and effectiveness of a prosthetic 
device is more properly left to the Food and Drug Administration (FDA). Title 35 
does not demand that such human testing occur within the confines of Patent and 
Trademark Office (PTO) proceedings."). 

See In re Brana, 5 1 F.3d at 1567. The Federal Circuit also noted that FDA approval is not a 

prerequisite for finding a compound useful within the meaning of the patent laws, citing to Scott, 

34 F.3d 1058, 1063. The Federal Circuit continued: 

Usefulness in patent law, and in particular in the context of pharmaceutical 
inventions, necessarily includes the expectation of further research and 
development. The stage at which an invention in this field becomes useful is well 
before it is ready to be administered to humans. Were we to require Phase II 
testing in order to prove utility, the associated costs would prevent many 
companies from obtaining patent protection on promising new inventions, thereby 
eliminating an incentive to pursue, through research and development, potential 
cures in many crucial areas such as the treatment of cancer. In view of all the 
foregoing, we conclude that applicants 1 disclosure complies with the requirements 
of35U.S.C. § 112 f 1. 

See In re Brana, 51 F.3d at 1568. As such, applicants respectfully assert that the Examiner's 
enablement rejections based on the recitation of references speculating on issues and potential 
safety concerns is misplaced. 

In any event, applicants address herein below each of the safety concerns voiced by the 
Examiner. Regarding the potential for differentiation of transplanted stem cells, applicants have 
shown that no differentiation of hMSCs was observed over a 42-day period following injection 
of mHCN2-transfected hMSCs into left ventricular (LV) subepicardium of 6 non- 
immunosuppressed adult dogs (see Plotnikov et al. (2005) Circulation 1 12: 11-126; submitted as 
Exhibit A in the March 7, 2006 Amendment). Thus, applicants maintain that uncertainties noted 
by the Examiner concerning mechanisms of engraftment and in vivo differentiation of 
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transplanted MSCs do not undermine enablement of the claimed invention. Importantly, the 
Examiner has not pointed to any reference documenting the actual occurrence of appreciable 
undesirable differentiation in any study relevant to the claimed invention. Accordingly, 
applicants maintain that the alleged theoretical risk of unwanted differentiation of transplanted 
hMSCs does not diminish the enablement of the present invention. 

Regarding the question of host immune responses to implanted MSCs, applicants note 
that these cells are thought to be immunoprivileged. See Liechty et al. (2000) Nat Med 6: 1282- 
1286, attached hereto as Exhibit 2 (see page 1283 noting that there was an apparent lack of 
immune response of hMSCs implanted into a sheep fetus). Indeed, the specification also notes 
that hMSCs transplanted into fetal sheep even after the expected development of immunologic 
competence engrafted and persisted in multiple tissues for as long as 13 months after 
transplantation, and suggests a possible reason may be because hMSCs express class I human 
leukocyte antigen but not class II, which may limit immune recognition. See page 29, line 26 to 
page 30, line 8; and Liechty et al. (2000; Exhibit 2) for more detail. More than not eliciting an 
immune response, there is evidence that MSCs may actually suppress such a response. See the 
Javazon reference cited by the Examiner at page 417, right col. In addition, consistent with the 
immunoprivileged status of hMSCs, applicants showed that there was no cellular or humoral 
rejection six weeks following injection of hMSCs into canine hearts. (Reported in Plotnikov et 
al., 2005; previously submitted as Exhibit A in the March 7, 2006 Amendment). Accordingly, 
applicants maintain that the question of host immune responses to transplanted hMSCs does not 
militate against the enablement of the claimed invention. 

As to questions regarding the mechanism of homing of transplanted cells, applicants note 
that the claims, as amended herein, recite the site-specific introduction of HCN2-expressing 
hMSCs directly into the heart, thereby obviating any requirement for specific homing of 
systemically introduced hMSCs. The appropriate sites in the heart for introduction of hMSCs to 
treat different conditions would be well known to a person of ordinary skill in the art. Applicants 
note that in a study involving injection of HCN2-expressing hMSCs into canine heart and 
monitoring over 42 days, Plotnikov et al. (2005; submitted as Exhibit A in the March 7, 2006 
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Amendment) reported that nests of hMSCs were found adjacent to the injection site but not at a 
distance. Applicants submit, therefore, that the Examiner's comments concerning the 
mechanism of homing of transplanted cells are moot. 

Applicants wish to emphasize that their citation herein of Plotnikov et al. (2005) and other 
post-filing date references is not meant to supplement the disclosures in the specification so as to 
render it enabling, or to show what was known at the time of filing. Rather, these publications are 
cited as evidence that the disclosures in the specification as filed are sufficient to enable a person 
skilled in the art to practice the invention being claimed without undue experimentation, i.e., to 
demonstrate that the disclosure was enabling as of the filing date. Several Federal Circuit decisions, 
for example Gould v. Quigg 3 U.S.P.Q.2d 1302 (Fed. Circ. 1987), confirm the utility of post-filing 
date references for this purpose: 

As to the technical article, it is true that a later dated publication cannot supplement an 
insufficient disclosure in a prior dated application to render it enabling. In this case, the later 
dated publication was not offered as evidence for this purpose. Rather, it was offered as 
evidence of the level of ordinary skill in the art at the time of the application and as evidence 

that the disclosed device would have been operative It was not legal error for the district 

court to accept the testimony of an expert who had considered a later publication in the 
formulation of his opinion as to whether the disclosure was enabling as of the time of the 
filing date of the '540 application. Gould v. Quigg 3 U.S.P.Q.2d 1302, 1305. 

In this regard, applicants note the Examiner's assertion on page 16 of the Office Action 
that post-filing date art cannot be used for the enabling support of the instant claims as the cited 
art uses a method that is different from the instant disclosure and does not provide guidance to 
other issues raised in the office action. 

Applicants respectfully disagree with the Examiner's failure to consider Potapova et 
al. (2004), submitted as Exhibit C in the March 7, 2006 Amendment in support of enablement. 
Applicants note that the specification discloses a method for injecting HCN2-transfected 
hMSCs into canine heart as a means for introducing HCN channels into the heart, and provides 
data indicating that implantation of these cells results in the generation of pacemaker current in 
the heart. See the specification at page 7, line 28 to page 8, line 18, and Fig. 10. The same 
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procedures are reported in Potapova et al. In contrast to Potapova et al.'s disclosure that hMSCs 
were obtained from a commercial source and that 10 6 transfected hMSCs were injected into the 
heart, the specification provides a method for preparing hMSCs and does not disclose the number 
of cells injected. Applicants maintain, however, that determining an appropriate number of 
hMSCs to be injected into the heart, in effect determining the dosage of cells to be 
administered, does not require undue experimentation by a skilled artisan. As to the source 
of the cells, applicants have noted hereinabove the isolation and purification of hMSCs was 
known in the art. Accordingly, applicants maintain that the post-filing date Potapova et al. 
(2004) reference can be properly used to show that the disclosures in the specification are 
enabling. 

The Examiner also argued (citing Boheler(2004)) that the alleged presence of a mixed 
distribution of channels in hMSCs argues for a heterogeneous cell population. In response, 
applicants reiterate that methods for preparing homogeneous populations of hMSCs are disclosed 
in the specification and in the prior art. See the specification at page 29, lines 1-14, and the '359 
patent at col. 4, lines 35-38, and col. 16, line 7 to col. 17, line 24. Applicants maintain that even 
if, arguendo, such cell populations contained small numbers of one or more cell subpopulations, 
such subpopulations do not interfere with the use of isolated hMSCs as a delivery platform for 
introducing HCN channels into the heart, as was demonstrated in experiments disclosed in the 
specification. See page 7, line 28 to page 8, line 18; see also Potapova et al. (2004), submitted as 
Exhibit C in the March 7, 2006 Amendment. 

The Examiner also noted (citing Gepstein et al., 2005) that pacemaker function is the 
result of a combination of the activity of a number of ionic current, and thus, overexpression of 
the HCN current alone will not fully recapitulate all the properties of a SA node cell. Applicants 
agree with the Examiner that overexpression of a HCN current alone in a hMSC does not fully 
recapitulate all the properties of a SA node cell. However, applicants emphasize that an 
engineered hMSC overexpressing a HCN current is not intended to recapitulate the properties of 
a SA node cell. Instead, the rationale of using hMSCs as delivery platforms for biological 
pacemaking is that the hMSC expressing the HCN channel will pair with a cardiomyocyte via 
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gap junctions, whereby the paired cells will then operate together as a single functional unit that 
in conjunction with a tightly-coupled myocyte generates spontaneously initiated, or automatic 
action potentials that serve the same function as automatic action potentials initiated by the sinus 
node. This rationale is illustrated in the drawing attached hereto as Exhibit 3. The top panel 
shows that in a natural pacemaker cell, i.e., a SA node cell, action potentials (inset) are initiated 
via inward current flowing through transmembrane HCN channels. These channels open when 
the membrane repolarizes to its maximum diastolic potential and close when the membrane has 
depolarized during the action potential. Current flowing via gap junctions to adjacent myocytes 
results in their excitation and the propagation of impulses through the conducting system. The 
lower panel shows a hMSC genetically engineered to incorporate HCN channels in its 
membrane. These channels can only open, and current can only flow through them (inset) when 
the membrane is hyperpolarized; however, because the stem cell lacks the different ion channels 
required for hyperpolarization, such hvperpolarization can only be delivered if an adjacent 
myocyte is tightly coupled to the stem cell via gap junctions . In the presence of such coupling 
and the opening of the HCN channels to induce local current flow, the adjacent myocyte will be 
excited and initiate an action potential that then propagates through the conducting system. The 
depolarization of the action potential will result in the closing of the HCN channels until the next 
repolarization restores a high negative membrane potential. Thus, whereas wild-type and 
genetically engineered pacemaker cells incorporate in each cell all the machinery needed to 
initiate and propagate action potentials, an engineered hMSC lacks this machinery and depends 
on gap junction-mediated pairing with a myocyte to form a functional unit that operates similarly 
to a S A node cell or other automatic cardiac cell. As discussed in detail in their March 7, 2006 
Amendment, applicants note that the specification provides evidence of robust gap junction- 
mediated coupling between hMSCs and cardiomyocytes. 

The Examiner further noted (citing Boheler, 2004) a number of questions in the art 
concerning the best way (local or systemic) to introduce cells for therapeutics, and the 
survival and homing capacity of the cells in host tissues following transplantation. The 
Examiner stated that applicants' post-filing art (not identified) indicates that 
catheterization is not usable for hMSC transplantation due to problems associated with 
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cell size and potential of injury to the cell. 1 

Applicants remind the Examiner that "[a]s long as the specification discloses at least one 
method for making and using the claimed invention that bears a reasonable correlation to the 
entire scope of the claim, then the enablement requirement of 35 U.S.C. §1 12 is satisfied." See 
M.P.E.P §2164.01(b). The claims, as amended herein, specify that the HCN2-expressing 
hMSCs are site-specifically introduced into the heart. Notably, the specification discloses the 
result of an experiment whereby the site-specific introduction of HCN2-transfected hMSCs into 
the LV wall of a canine heart by injection (i.e., site-specific introduction) resulted in the 
induction of pacemaker activity in the ventricle. See page 7, line 30 to page 8, line 2. The 
specification also teaches that hMSCs may be introduced into the heart by a variety of site- 
specific methods, including injection, topical application to the cells of the heart, microinjection 
and catheterization. See page 15, lines 1-9. Accordingly, applicants maintain that this 
disclosure relating to the site-specific introduction of HCN2-expressing hMSCs into canine 
heart enables the now pending claims. 

Applicants disagree with the Examiner's assessment regarding catheterization. 
Applicants provide herein several references indicating that delivery of hMSCs by 
catheterization is viable and was enabled by the present application in view of the 
knowledge of one skilled in the art. For instance, others had successfully delivered viable 
cells to a heart via catheterization by the filing date of the present application. In 2000, an 
abstract of Weinstein, et al. was presented in Sweden showing that myoblasts were 
successfully delivered to a heart via catheterization: "[c]atheter advance into the left 
ventricle through the aorta was guided with fluoroscopy followed by endocardial mapping 

with the electromagnetic NOGA system Vital dye staining of the myoblasts before 

versus after the procedure showed no significant difference in cell viability. Furthermore, 
cell passage through the injection catheter showed less than 5% cell death." (Abstract 



1 In seeking clarification from the Examiner regarding his comments that inventors' own work indicates that 

catheterization would not work, the Examiner indicated in a telephone conversation with applicants' 
representative that the argument in the Office Action was actually the Examiner's "interpretation of the references 
of record" and that he was not referencing a specific journal article or paper by the inventors. 
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attached hereto as Exhibit 4). Thus, this reference shows that those skilled in the art at 
the time the present application was filed could successfully deliver cells to the heart and 
also knew how to test for cell viability to be able to optimize the procedure. Applicants 
respectfully submit that one skilled in the art could use the teachings of Weinstein 
regarding delivery of myoblasts to the heart via catheterization to successfully deliver 
MSCs to the heart via catheterization without undue experimentation. 

Further, others have continued in using/studying the delivery of cells to the heart 
through catheterization: 

Exhibit 5: Texas Heart Institute Stem Cell Center - "Ongoing studies at the Stem Cell 

Center inject the stem cells directly into the muscle of the heart from inside the 
heart chamber. This is performed with a catheter that is inserted into the groin. 
The exact area of disease is located through a sophisticated mapping system 
know as the NOGA® Cardiac Navigation system and the cells are injected 
using a Myostar® Injection Catheter." 

Exhibit 6: Kornowski, et al., Catheter Cardiovasc Interv. 2001 Mar;52(3):400-6 - "The 
NOGA system maps regional myocardial function and delivers local catheter- 
based therapeutics. ... In conclusion, catheter tip trajectories at any location 
are highly stable throughout the cardiac cycle." 

Exhibit 7: Sherman et al., Nature Clinical Practice Cardiovascular Medicine, March 

2006, Vol. 3, supplement 1, S57-S64 - "The catheters described in this article 
have been shown in both animal and clinical studies to be effective in cell 
delivery and to be safe." "Two catheter-based methods have been used in 
clinical trials to deliver cells to the heart. . . ." 

Exhibit 8: Perin et al., "Methods of Stem Cell Delivery in Cardiac Diseases," Nature 

Clinical Practice Cardiovascular Medicine, March 2006, Vol. 3, supplement 1, 
SI 10-S1 13 - "Two catheter systems are currently available for transendocardial 
cell delivery: the Stilleto™ . . . and the Myostar™." "The Myostar catheter 
allows assessment of myocardial viability at each specific injection site ." 
(emphasis added). 
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Exhibit 9: Smits, et al., Journal of the American College of Cardiology, Vol. 42, No. 12 
2003, pp.2063-2069 - "... we believe that catheter-based cell transplantation 
in HF patients is feasible and that the transendocardial catheter-based cell 
delivery technique is safe from a procedural point of view." 

Thus, notwithstanding that the delivery of hMSCs via catheterization may continue 
to be improved and optimized through ongoing clinical trials, the delivery of hMSCs via 
catheterization was clearly enabled in the present application. 

The Examiner also stated (citing Mocini et al. (2005) Ital Heart J 6: 267-271, and 
Zhang (2002) Circulation 106: 1294-9) that the unpredictability related to undesired cell 
lineage differentiation and unordered activation and contraction could potentially induce 
cardiac arrhythmia as discussed in the previous Office Action dated December 7, 2005. 

Regarding the potential for inducing cardiac arrhythmias by introducing hMSCs 
expressing HCN channels into the heart, applicants previously explained in their March 7, 2006 
response to the December 7, 2005 Office Action that Zhang (2002) does not apply to the 
claimed invention. Briefly, Zhang relates to pluripotent embryonic stem cells that have innate 
pacemaking function whereas the hMSCs of the subject invention are multipotent, have no 
innate pacemaking function, and exhibited no evidence of differentiation or generating 
arrhythmias even after six weeks of monitoring (see Plotnikov et al. (2005), submitted as 
Exhibit A in the March 7, 20076 Amendment). Thus, the arrhythmias generated by the 
embryonic stem cells in Zhang's study are not predictive of arrhythmias generated in the claimed 
invention. Mocini et al. (2005) also raises the possibility of arrhythmias after stem cell 
transplantation, but notes that such complications have been shown only in the case of skeletal 
myoblast transplantation. Again, applicants note that skeletal myoblasts are different from the 
undifferentiated hMSCs used in the claimed invention. Moreover, because the pacemaker 
current, /f, flows only at diastolic potentials, inducing If in the heart should not affect action- 
potential duration and is therefore not expected to generate arrhythmias. In this regard, 
applicants note that the Examiner has not pointed to any reference indicating that transplantation 
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of undifferentiated hMSCs expressing HCN channels into the heart causes arrhythmias. 
Applicants maintain, therefore, that the theoretical risk of arrhythmias is not a proper basis for 
asserting nonenablement of the claimed invention. Moreover, as mentioned above, the 
inventors' own work study reported in Plotnikov et al. (2005) shows that no arrhythmias were 
seen in a 42-day study. 

Applicants respectfully submit, as previously noted in their March 7, 2006 response to 
the December 7, 2005 Office Action, that several of the Examiner's grounds of rejection appear 
to be predicated on the absence of optimized protocols for inducing biological pacemaker 
activity using the claimed methods. For example, rejections based on uncertainties concerning 
the homogeneity of the hMSC preparation used, the degree of coupling between cell types, the 
optimal way of delivering the cells into the heart, and the potential for unwanted differentiation 
of transplanted hMSCs and for generating arrhythmias, fit into this category. Applicants 
maintain, however, that optimization of the claimed methods requires only routine 
experimentation by a skilled practitioner, and the lack of optimized protocols does not mean the 
method is not enabled. Applicants emphasize that the specification discloses the experimental 
demonstration of certain aspects of the claimed invention that the Examiner contends are not 
enabled. Thus, a composition comprising a hMSC expressing a HCN2 ion channel (claim 20) 
was experimentally made (see the specification at page 7, lines 11-14 and 28-30); a method of 
expressing a functional ion channel in a syncytial structure such as a mammalian heart 
comprising preparing the above composition site-specifically introducing it into the a canine 
heart (claims 49 and 50) has been experimentally performed (see page 7, line 28 to page 8, line 
18); and a method of inducing a pacemaker current in a mammal's heart comprising site- 
specifically introducing the above composition into the heart (claim 57) has been experimentally 
performed (see page 7, line 28 to page 8, line 18). Applicants are therefore perplexed by the 
Examiner's arguments that these methods and composition, among others, are not enabled by 
the disclosures in the specification. 

Based on the foregoing remarks, applicants maintain that the specification as filed enables 
one skilled in the art to make and use the invention recited in the presently amended claims 
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employing only routine experimentation. Accordingly, applicants respectfully request 
withdrawal of this ground of rejection. 

Regarding claim 20, the Examiner noted that although claim 20 is drawn to a 

composition, the Examiner has "analyzed [claim 20] for its intended use in the treatment of heart 

failure and other cardiac disorders." Applicants agree that while the composition is useful in 

methods of treating a cardiac rhythm disorder, the composition is also useful for inducing a 

pacemaker current in a mammal's heart and in a cell. Further, the specification notes that the 

compositions are useful for causing a contraction of a cell, for shortening the time required to 

activate a cell and changing the membrane potential of a cell. See paragraphs [016-018] of the 

published application. As such, the compositions are also useful for research purposes. For 

example, the specification notes that the transfected stem cells are useful in studying membrane 

properties of adult heart cells. See paragraph [0125] of the published application. Accordingly, 

applicants submit that it is improper for the Examiner analyze enablement of the composition 

claim based on only one intended use. See MPEP 2164.01(c): 

In contrast, when a compound or composition claim is not limited by a recited 
use, any enabled use that would reasonably correlate with the entire scope of that 
claim is sufficient to preclude a rejection for nonenablement based on how to use . 
If multiple uses for claimed compounds or compositions are disclosed in the 
application, then an enablement rejection must include an explanation, sufficiently 
supported by the evidence, why the specification fails to enable each disclosed 
use. In other words, if any use is enabled when multiple uses are disclosed, the 
a pplication is enabling for the claimed invention, (emphasis added). 

Accordingly, applicants respectfully submit that the Examiner's enablement analysis of 
claim 20 based solely on one intended use is in error. 

Double Patenting Rejections 

The Examiner provisionally rejected claims 20, 49-51, 54-57 and 59 under the judicially 
created doctrine of obviousness-type double patenting as allegedly unpatentable over claims 20-59 of 
co-pending Application No. 10/342,506 ("the '506 application) which corresponds to U.S. 
Publication No. 20040137621. 
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In response, applicants note that this is a "provisional" rejection over the '506 application 
which is not an allowed application. Accordingly, if the claims of the subject application are 
otherwise allowable, the "provisional" double patenting rejection should be withdrawn and the 
claims in the subject application should be allowed and issued, whereby the claims of the '506 
application would become subject to an obviousness-type double patenting rejection. 

Rejection of claim 20 under 35 U.S.C. §103(a) (Obviousness) 

The Examiner rejected claim 20 under 35 U.S.C. 103(a) as allegedly unpatentable over 
Marban et al. (U.S. Patent Application Publication No. US2004/0254134, published February 
16, 2004; effective filing date February 29, 2002; henceforth "Marban"), Heubach et al. (2002) 
Circulation 106 Suppl. p. 11-68; henceforth "Heubach"), and Jansen et al. (U.S. Patent No. 
6,979,532, issued December 27, 2005, effective filing date February 12, 2000; henceforth 
"Jansen"). 2 

The Examiner stated that Heubach teaches that novel therapeutic strategies for heart 
failure include the injection of autologous mesenchymal stem cell into the heart but does not 
teach MSCs comprising HCN2. The Examiner also stated that Marban discloses that a 
composition of modified cells could be implanted in cardiac tissue to induce or modulate 
pacemaker activity and that genes encoding HCN channels could be used to affect cardiac firing 
rate. The Examiner conceded, however, that Marban does not teach the use of a composition of 
MSCs comprising HCN2. The Examiner additionally stated that Jansen teaches a process 
comprising determining the membrane potential of mammalian cells that express HCN2 but 
does not explicitly teach a composition of MSCs comprising HCN2. 

The Examiner asserted that it would have been obvious for one of ordinary skill in the art 

2 Applicants note that in the previous Office Action, the Examiner cited U.S. Patent No.6,849,61 1 in a 103(a) 
rejection. Applicants had argued that the reference was not by "another." Upon closer review of the '61 1 patent, 
applicants note that the '61 1 patent and the present invention are owned by the same entity and as such are not 
available at under 102(e)(f) and (g). However, since the '61 1 patent and the present invention list different 
inventors, the '61 1 patent may still be applicable under 103(a). Nevertheless, applicants maintain that since the '61 1 
patent does not teach or suggest the use of MSCs incorporated with a nucleic acid which encodes an HCN channel in 
an amount sufficient to create an ion channel in the cell, it does not anticipate nor render the claimed invention 
obvious. Further, as discussed above in the present response, because of Heubach's shortcomings, Heubach does not 
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at the time of invention to modify the cells taught by Heubach by expressing a nucleic acid 
encoding HCN isoforms taught by Marban, for expressing ion channel genes in a stem cell at 
sufficient level for pacemaker activity. The Examiner further contended that one of ordinary 
skill in art would have been motivated to combine the teachings of Heubach, Marban and 
Jansen and would have reasonable expectation of successfully producing a composition 
comprising mesenchymal stem cell incorporated with HCN2. The Examiner therefore 
concluded that the claimed invention would have been prima facie obvious to one of ordinary 
skill in the art at the time of the invention. 

Applicants respectfully disagree. Applicants maintain that the Examiner has failed to 
establish a prima facie case of obviousness of claim 20 for the following reasons. First, although 
Heubach reports that MSCs contain "significant mRNA levels for the HCN2 channel" Heubach 
most importantly writes that they do not express endogenous "macroscopic pacemaker currents 
such as the hyperpolarization-activated current If . . . (emphasis added). The preliminary 
results disclosed in Heubach are presented in more detail in Heubach et al. (2004) J Physiol 
554.3: 659-672, a copy of which is attached hereto as Exhibit 10. Heubach et al. (2004) also 
teaches that "[t]here was strong expression of mRNA for the hyperpolarization-activated and 
cyclic nucleotide-gated ion channel isoform 2 (HCN2) in all samples of hMSC, but the respective 
current If was not observed ." (emphasis added). See page 668, left col; see also page 667, right 
col., Fig. 9, and the abstract. Heubach et al. (2004) further teaches at page 669, right col. that: 

Ion channel mRNA, though expressed at high levels, is not necessarily translated into 
functionally active channel molecules. The discrepancy between the presence of mRNA 
but lack of the respective current is most striking for [Kv4.2 and Kv4.3 channel subunits], 
but also for the hyperpolarization-activated and cyclic nucleotide-gated channel isoform 2 
(HCN2), responsible for the If inward current. The reason for the lack of functional 
channel molecules remains unclear . 

(emphasis added). Applicants assert that, based on the teachings of Heubach (cited by the 
Examiner, and elaborated upon by Heubach et al. (2004)), one skilled in the art would have 
clearly understood that hMSCs do not synthesize functional endogenous HCN2 channels even 
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when "high levels" of HCN2 mRNA were expressed in such cells. Applicants therefore submit 
that Heubach teaches that hMSCs are not appropriate host cells to transfect with an HCN2 gene 
for the purpose of delivering functional HCN2 channels into a heart, and thus teaches away from 
the composition recited in claim 20. Accordingly, a person of ordinary skill in the art would not 
be motivated to combine Heubach with Marban and Jansen. 

Second, applicants maintain that contrary to the Examiner's contention, a skilled artisan 
would not have had a reasonable expectation of success that modifying the cells taught by 
Heubach by expressing a nucleic acid encoding HCN isoforms taught by Marban would result in 
the functional expression of HCN2 ion channels at a level sufficient for pacemaker activity. This 
is evident from Heubach's teaching that although MSCs contain "significant mRNA levels for 
the HCN2 channel," they do not express "macroscopic pacemaker currents such as the 
hyperpolarization-activated current if . . . ." One would not be motivated to express HCN2 
channels in hMSCs since hMSCs already express HCN mRNA but nevertheless do not have 
functional endogenous HCN channels (as taught by Heubach). Applicants maintain that one 
would not be motivated to express HCN2 in hMSCs since Heubach showed that even with 
expression of HCN channel mRNA, the hMSCs did not have functional HCN channels. 
Heubach even noted, "[t]he reason for the lack of functional channel molecules remains unclear." 

Third, none of the references cited by the Examiner envisages the use of engineered 
MSCs to express functional HCN2 channels or induce pacemaker current in a cell, as is claimed 
in the subject invention. Marban discloses the use of myocardial cells (see page 4, para. 46-48) 
and embryonic stem cell-derived cardiomyocytes (page 10, para. 121), whereas Jansen teaches 
the use of differentiated mammalian cells such as CHO or HEK293 cells (see col. 6, lines 5-7). 
As noted by the Examiner, Heubach does teach the injection of autologous mesenchymal stem 
cell into the heart as a novel therapeutic strategy for heart failure. However, the objective of 
Heubach's study is clearly to measure the electrophysiological properties of hMSCs as a means 
of evaluating the potential of these cells for acquiring the characteristics of excitable cells and 
differentiating into cardiomyocytes . The contemplated differentiation of implanted MSCs is 
explicitly stated in Heubach et al. (2004; Exhibit 10) at page 669, first para: "In the context of in 
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vivo and in vitro differentiation of human mesenchymal stem cells (hMSC) into excitable cells 
we describe the electrophysiological properties of undifferentiated hMSC." Further, Heubach et 
al. (2004) states at page 70, para, spanning left and right cols.: "Preliminary clinical studies have 
shown that the injection of undifferentiated bone marrow stem cells into the infarcted heart can 
improve cardiac function. The fate of the implanted cells, whether they differentiate into 
cardiomyocvtes, contribute to neoangiogenesis, or just perish , remains unclear" (emphasis 
added). Thus, Heubach clearly did not envisage the implantation of MSCs to induce pacemaker 
current in the heart. 

Applicants maintain that claim 20 is not obvious over the cited prior art because (1) 
Heubach teaches away from combining the cited references in the way suggested by the 
Examiner; and in any event, (2) a combination of the cited references does not result in the 
claimed invention. Applicants therefore respectfully request that the Examiner reconsider and 
withdraw this ground of rejection. 
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Conclusion 

In view of the remarks made hereinabove, applicants respectfully request that the 
Examiner reconsider and withdraw the rejections set forth in the May 24, 2006 Final Office 
Action. Applicants respectfully submit that the now pending claims are in condition for 
allowance and earnestly solicit allowance of these claims. 

If a telephone interview would be of assistance in advancing prosecution of the subject 
application, applicants' undersigned attorney invites the Examiner to telephone her at the number 
provided below. Authorization is hereby given to charge Deposit Account No. 1 1-0600 for any 
fees deemed necessary in connection with the filing of this Amendment, including the fee for a 
one month extension of time. 



Respectfully submitted, 
KENYON & KENYON LLP 



September 25, 2006 
Date 
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Abstract 

Human bone marrow has been shown to contain mesenchy- 
mal cells, which fabricate the connective tissue network of 
the marrow called the stroma. A subset of these marrow- 
derived mesenchymal cells can be isolated, expanded in cul- 
ture, and then induced to differentiate into bone-producing 
osteoblasts and ultimately osteocytes when placed in the 
proper environment. At present, there are no methods for 
definitively identifying these cells in human marrow tissue or 
following their differentiation into osteogenic phenotypes. 
Therefore, we culture-expanded, marrow-derived mesenchy- 
mal cells from human donors and used these cells to immu- 
nize mice whose spleens were used to generate hybridoma 
cell lines, which secrete antibodies to antigens on the cell 
surface of these culture-expanded mesenchymal cells. Hy- 
bridoma culture supernatants were successively screened 
against highly enriched samples of culture-expanded, mar- 



recently been reported with fresh cell suspensions derived from 
human marrow (Bab et al. 1988). Marrow-derived mesenchymal 
cells are also thought to differentiate into a connective tissue 
network within the marrow called the stroma (Zipori 1985); the 
cells of the stroma interact directly with hemopoietic stem cells 
and influence their differentiation (Dexter & Shadduck 1980; 
Lanoette et al. 1982; Sachs 1987). 

Although mesenchymal cells are present at very low fre- 
quency in whole marrow (Bab et al. 1986), they can be grown in 
culture and their numbers expanded many fold (Ashton et al. 
1984). We have recently developed methods to culture-expand 
mesenchymal cells from human marrow (Haynesworth et al. 
1992). In culture these cells exhibit a uniform fibroblastic mor- 
phology. No adipocytic, round, cuboidal, or multinucleated cells 
are observed. Therefore, the culture conditions used in our pre- 
vious^study select for a small, highly enriched subset of mesen- 
chymal cells from the very heterogeneous stromal cell popula- 
tion. After expansion and passage of the mesenchymal cells, 
row-derived mesenchymal cells in cryosections and live cell their osteogenie^otential was tested by loading them into porous 



cultures to identify unique cell surface antigens. Positive 
clones were then screened against cell suspensions of whole 
and fractionated marrow to identify hybridomas whose su- 
pernatants were nonreactive with marrow hemopoietic cells. 
Three hybridoma cell lines, SH2, SH3, and SH4, were iden- 
tified; these hybridomas secrete antibodies that recognize an- 
tigens on the cell surface of marrow-derived mesenchymal 
cells, but fail to react with marrow-derived hemopoietic cells. 
Additional tissue screening reveals unique tissue distribu- 
tions for each of the recognized antigens, which suggests dif- 
ferent antigen recognition for each antibody. However, all 
three antibodies fail to react with the cell surface of osteo- 
blasts or osteocytes, suggesting that the antigens recognized 
by these antibodies are developmental^ regulated and spe- 
cific for primitive or early-stage cells of the osteogenic 
lineage. 

Key Words: Monoclonal antibodies — Human bone marrow — 
Mesenchymal cells— Cell surface antigens. 

Introduction 

Several studies with a variety of animals have shown that bone 
marrow contains mesenchymal cells, which can differentiate into 
cartilage and bone (Petrakova et al. 1963; Ashton et al. 1980, 
1984, 1988; Bab et al. 1984a, 1984b, 1986; Oghushi et al. 
1989a, 1989b; Beresford 1989, for review). Similar results have 



calcium phosphate ceramic cubes and implanting the composite 
grafts into subcutaneous sites in athymic mice. Bone formed in 
the pores of ceramic cubes loaded with culture-expanded mes- 
enchymal cells, but not in empty ceramic cubes. Furthermore, a 
monoclonal antibody specific for human tissue clearly identifies 
the bone-forming cells and osteocytes embedded in new bone in 
the pores of the ceramic cubes as being derived from the human 
cells and not from the athymic rodent host (Haynesworth et 
al. 1992). 

Although these mesenchymal cells uniformly take on a fibro- 
blastic morphology in culture (Ashton et al. 1984; Haynesworth 
et al. 1992), no" characteristic markers, such as unique cell sur- 
face antigens, enzymatic activity, extracellular matrix mole- 
cules, or cellular structures, have been reported for these cells 
thus far. Markers for mesenchymal cell identification would be 
helpful to understand better the role that these cells play as com- 
ponents of marrow tissue. For example, specific cell surface 
markers would allow mapping of the position of mesenchymal 
cells in different regions of bone marrow and in marrow from 
different anatomical sites for better understanding of the poten- 
tial stromal-hemopoietic cell interaction. 

Markers for identifying mesenchymal cells would also be 
valuable in deciphering the role these cells play in osteogenesis. 
Recent data indicate that osteogenic cells pass through distinct 
lineage steps on the way to becoming osteoblasts and ultimately 
osteocytes (Pechak et al. 1986a; Caplan & Pechak 1987; Bruder 
& Caplan 1989a, 1989b, 1990a, 1990b, 1990c). Of particular 
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importance, Bruder and Caplan (1989b, 1990a, 1990b, 1990c) 
have identified developmentally regulated, stage-specific, cell 
surface antigens on several isoform variants of osteoblasts and 
osteocytes during chick tibia development. However, no stage- 
specific cell surface antigens on osteoprogenitor cells were iden- 
tified or reported in the studies by Bruder and Caplan, nor have 
they been reported to our knowledge in any other study. 

In this study, we report the presence of three developmentally 
regulated antigens on the surface of human marrow-derived mes- 
enchymal cells. Given that we have previously shown that these 
cells are capable of forming bone (Haynesworth et al. 1992), we 
investigated the presence of these antigens in mesenchymal and 
nonmesenchymal tissues. Our results support the future use of 
these markers for studying not only the structural. and functional 
roles of mesenchymal cells in marrow tissue, but the develop- 
mental position and control of these cells within the osteogenic 
lineage. 

Materials and Methods 

Source and preparation of human marrow mesenchymal 
cell cultures 

Marrow from femoral head cancellous bone was obtained from 
patients with degenerative joint disease during total hip trans- 
plantation and from iliac crest by aspiration of normal donors or 
oncology patients having marrow harvested for future bone mar- 
row transplantation, as described previously (Haynesworth et al. 
1991). Preparation of marrow samples for isolation and culfure- 
expansion of mesenchymal cells was essentially the same as 
detailed previously (Haynesworth et al. 1992). Briefly, plugs of 
femoral head cancellous bone marrow (0.5-5 ml) were trans- 
ferred to sterile tubes to which were added 25 ml of BGJ b me- 
dium (GIBCO, Grand Island, NY) with 10% fetal bovine serum 
from selected lots (complete medium). The tubes were vortexed 
to disperse the marrow and then centrifuged at 1000 x rpm for 
5 min to pellet cells and bone pieces. The supernatant and over- 
lying fat layer were removed, and the marrow and bone were 
reconstituted in 5 ml of complete medium and vortexed to sus- 
pend the marrow cells. Suspended cells were collected and sep* 
arated into a single cell suspension by sequentially passing cells 
through syringes fitted with 18 and 20 gauge needles. Cells were 
then counted with a hemocyto meter, red blood cells having been 
lysed with 4% acetic acid prior to counting, and plated into 
100-mm dishes at 5-10 X 10 7 nucleated cells per dish. 

Marrow aspirates (5-10 ml) were transferred to sterile tubes 
to which 20 ml of complete medium were added. The tubes were 
centrifuged at 100 x g for 5 min to pellet the cells, the super- 
natant and fat layer were removed, and the cell pellets (2.5-5.0 
ml) were resuspended and fractionated on gradients of 70% 
Percoll (Sigma, St, Louis, MO). After these gradients were cen- 
trifuged at 460 x g for 15 min, the top 25% of the gradient (low 
density cells), pooled density = 1 .03 g/ml, was collected, rinsed 
with three volumes of complete medium, and plated in 100-mm 
culture dishes at 5-10 X 10 7 nucleated cells per dish. 

Culture and passage of marrow-derived mesenchymal cells 

Marrow-derived mesenchymal cells from femoral head cancel- 
lous bone or iliac aspirate were cultured in complete medium at 
37° C in a humidified atmosphere containing 95% air and 5% 
C0 2 , with medium changes every 3-4 days. When culture dishes 
became near confluent, the cells were detached with 0.25% 
trypsin containing 1 mM EDTA (GIBCO) for 5 min at 37° C. 
The action of trypsin was stopped by adding >h volume of fetal 
bovine serum. The cells were counted, split 1:3, and replated in 



7 ml of complete medium. Aliquots of cells were cryopreserved 
in 90% fetal bovine serum with 10% dimethyl sulfoxide (freez- 
ing medium). 

Harvest and pre paration of culture-expanded cells 
for immunization 

When passaged cells reached confluence, the culture medium 
was discarded from the plates and the plates were rinsed twice 
with Moscona's balanced salt solution (GIBCO) and incubated 
for 1 h at 37° C in 5 ml of 0.5 mM EGTA in Moscona's. This 
method of detaching the cells from the plates was chosen to 
minimize cleavage of cell surface proteins, which may occur 
when cells are treated with proteases like trypsin. Plates were 
swirled gently to detach cells that had rounded up and were 
lightly adherent to the plastic. Cells were collected with a pipet 
and centrifuged at 1000 rpm for 5 min. Cells were rinsed twice 
with 5 ml of Tyrodes balanced salt solution (GiBCO), suspended 
at 1-2 x 10 6 cells in 1 ml of Tyrodes, and taken up in 3-ml 
syringes fitted with 20-gauge needles. 

A 14-week-old female CB6F/J mouse was immunized with 
cultured human marrow-derived mesenchymal cells by peritone- 
al injection. The initial injection was followed by four booster 
injections spaced one week apart. Each injection consisted of 
culture-expanded mesenchymal cells from a different donor to 
enhance the immune response to antigens common to each do- 
nor, relative to the immune response to donor- specific antigens. 

On day 0, the initial injection consisted of cells derived from 
a femoral head marrow plug from donor H-20 (born 4-09-37). 
Cells from primary cultures were grown to confluence and re- 
plated 1:3. These first-passaged cells were also grown to con- 
fluence prior to harvest for immunization. Approximately 2 x 
10 6 cells were used. On day 7, the first booster injection con- 
sisted of mesenchymal cells derived from femoral head plugs of 
marrow from donor H-21 (born 1-01-38) and H-23 (born 2-23- 
09), and collected at subconfluence of primary cultures. Approx- 
imately equal numbers from each donor were used with the total 
cell count equaling 1.5 x 10 6 . On day 15, the second booster 
injection consisted of mesenchymal cells derived from a femoral 
head plug from donor H-27 (born 12-12-25). The cells were 
harvested at confluence of primary culture, with the total cell 
count equaling 1 x 10 6 . On day 22, the third booster injection 
consisted of cells derived from a femoral head plug from donor 
H-31 (born 1929). Cells were harvested at confluence after the 
first passage, with the total cell count equaling 1 x 10 6 . On day 
29, the fourth booster injection consisted of cells derived from a 
femoral head plug from donor H-31. These cells had been har- 
vested at confluence after the first passage and cryopreserved in 
freezing medium in liquid nitrogen. Immediately prior to injec- 
tion, cells were thawed, rinsed with Tvrodes, and injected with 
the total cell count equaling 2 x 10* At day 25, blood was 
drawn from the tail vein of the mouse and serum was prepared, 
serially diluted, and then incubated on cryosections of pelleted 
culture-expanded mesenchymal cells to assay for immunoreac- 
tivity by indirect immunofluorescence as described below. Im- 
munoreactivity to the sectioned cells was observed with serum 
that was serially diluted to 1:10,000, indicating that the immu- 
nization regimen had been successful in generating an immune 
response in the mouse to the cultured cells. Non-immune serum 
showed no immunoreactivity when incubated with similar cells 
and assayed by indirect immunofluorescence. 

F usion and hybridoma selection 

The cell fusion, hybridoma selection, and cloning procedure 
were similar to those described by Bruder and Caplan (1989b). A 
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fusion was performed with 3.0 x 10 7 splenocytes and 1 .0 x 10 7 
SP 2/0-Ag-14 nonsecretor myeloma cells in the presence of 50% 
polyethylene glycol 1500 (Boehringer Mannheim Biochemicals, 
Indianapolis, IN). The fused cells were transferred into 96-well 
plates, which had been seeded with a feeder layer of 1 x 10 4 
peritoneal macrophages per well and maintained in Dulbecco's 
modified Eagle's medium (GIBCO) containing 20% fetal bovine 
serum, 10% NCTC-109 (M.A. Byproducts, Walkersville, MD), 
1% Gentamicin sulfate (M.A, Byproducts), and 1% L-glu- 
tamine. Cells were grown and selected in HAT medium at 37° C 
in 95% air, 5% C0 2 , for two weeks with medium changes every 
third day. Hybridoma supernatants were first screened (see be- 
low) for the presence of mouse immunoglobulin, and then pos- 
itive clones were tested for reactivity to the surface of culture- 
expanded, human marrow-derived, mesenchymal cells. Those 
hybridomas that tested positive in both screens were transferred 
to medium lacking aminopterin, cloned several times by limiting 
dilution, grown to substantial numbers, and then frozen in freez- 
ing medium in liquid nitrogen. 

Initial hybridoma screening 

Microtiter wells containing hybridoma colonies were screened 
for the presence of mouse immunoglobulin on ELISA plates 
coated with goat-antimouse IgG (Organon Teknika, Malvern, 
PA). Hybridoma culture supernatants were tested by adding 50 
u,l aliquots to wells on the ELISA plates and allowing the su- 
pernatants to incubate in a humidified chamber for 1 h at room 
temperature. Plates were rinsed four times with Tris-buffered 
saline containing 0.1% BSA (0.1% BSA-TBS). Alkaline phos- 
phatase-conjugated goat antibody with specificity for mouse 
IgG, IgM, and IgA (Organon Teknika) was diluted 1:100-1:250 
in 0.1% BSA-TBS, and 50 u,l were added to each well and 
allowed to incubate for 1 h at room temperature in a humidified 
chamber. Plates were rinsed four times with BSA-TBS, and 50 
jxl of 0.09% p-nitrophenol phosphate substrate (Sigma) in 50 
mM glycine, 1 mM MgCl 2 , pH 10.5 were added to each well and 
allowed to incubate at 37° C for 1 h. A yellow color in the wells 
was interpreted as positive antibody reactivity. Positive and-neg— 
ative controls consisted of identical analysis of immunized 
mouse serum and culture medium, respectively. 

Immunocytochemistry of tissue sections of cu lture-expanded 
human marrow-derived mesenchymal cells 

Confluent human marrow-derived mesenchymal cells in 100-mm 
dishes were detached with trypsin-EDTA essentially as described 
above. The cells were pelleted by centrifugation at 1000 rpm, 
and the supernatants were discarded. The pelleted cells were 
rinsed two times with phosphate-buffered saline (PBS). After the 
second rinse the supernatant was removed and the unfixed cell 
pellet was dispersed into a small cup containing OCT Tissue 
Tek Compound (Miles Inc., Elkhart, IN), and frozen in liquid 
nitrogen. 

Tne blocks of tissue were sectioned at 6 u,m and placed on 
gelatin-coated slides. The cell sections were covered with 50- 
100 u,l of hybridoma culture supernatant and incubated at room 
temperature for 1 h in a humidified chamber. The slides were 
rinsed four times with 0.1% BSA-PBS. The sections were then 
covered with 50 uJ of fluorescein isothiocyanate (FITC)- 
conjugated goat-antimouse IgG (Organon Teknika), which had 
been diluted 1:100 in 0.1% BSA-PBS, and were incubated for 1 
h at room temperature in a humidified chamber. The slides were 
rinsed four times with 0.1% BSA-PBS and coverslipped with a 
drop of PPD immunofluorescence mounting medium (Johnson et 



al. 1982) (Eastman Kodak, Rochester, NY), and observed on an 
Olympus BH-2 epi-fluorescence microscope. Negative control 
slides consisted of identical analysis of cells with culture medium 
that did not contain antibody. Separate controls were performed 
with the monoclonal antibody SB : I as primary antibody. This 
antibody is a mouse-derived IgG antibody with specificity for 
chicken alkaline phosphatase, which does not cross-react with 
human tissue (Bruder & Caplan 1990). Isotyping of selected 
antibodies was performed with a mouse monoclonal antibody 
isotyping kit (Amersham International pic, Amersham UK). 

Immunocytochemistry to culture-expanded cells in micromass 

Cells from confluent marrow-derived mesenchymal cell cultures 
were released with trypsin-EDTA as described above. After 
stopping the activity of the trypsin with calf serum, the cells were 
pelleted by centrimgation and the supernatant was removed. 
Cells were rinsed once with 5-10 ml complete medium and then 
were suspended in complete medium at a concentration of 5 x 
10 5 cells per ml. One 50-u.l aliquot of cell suspension was trans- 
ferred to the center of each 35-mm culture dish to produce a 
confluent cell density "spot" or "micromass" culture (Solursh 
et al. 1978). The micromass cultures were incubated overnight at 
37° C and then rinsed three times with PBS. To each culture, 
I00-|il aliquots of hybridoma culture supernatant were added, 
and the cultures were incubated for 1 h at room temperature in a 
humidified chamber. Dishes were rinsed with 0.1% BSA-PBS, 
and then incubated for 1 h with FITC-conjugated goat antibody 
specific for mouse IgG. Dishes were rinsed with 0.1% BSA- 
PBS, and coverslipped after applying a drop of PPD immuno- 
fluorescence mounting medium. Immunofluorescent staining 
was observed on an Olympus BH-2 epi-fluorescence micro- 
scope. 

Immunocytochemistry to cell suspensions of whole marrow and 
Perceii ^fractionated marrow 

Samples of whole marrow eel! suspensions and Percoll- 
fractioliated marrow cell suspensions were prepared as described 
above for cell culturing. Cell suspensions of whole marrow and 
the mesenchymal cell-rich fraction from Percoll-fractionated 
marrow were incubated with hybridoma culture supernatant for 1 
h at 4° C. Cells were rinsed with PBS, pelleted by centrifugation 
at 1000 rpm, reconstituted with FITC-conjugated goat anti- 
mouse IgG, and incubated for 1 h at 4° C. Cells were again 
rinsed with PBS, pelleted by centrifugation, and then reconsti- 
tuted in 50-100 jjlI of PPD immunofluorescence mounting me- 
dium and transferred to microscope slides. Immunofluorescent 
staining was observed on an Olympus BH-2 epi-fluorescence 
microscope. 

Immunohistochemistry to human and non-human mesenchym al 
and non-mesenchymal tissues 

The following tissues were obtained as surgical or autopsy spec- 
imens from human patients: breast skin, foreskin, small intes- 
tine, heart, skeletal muscle, lung, liver, brain, tendon, ligament, 
gall bladder, articular cartilage, femur, rib cartilage, and rib 
periosteum. Mesenchymal cells from human rib periosteum were 
culture-expanded as described by Nakahara et al. (1991). The 
following animal tissues were also obtained for screening: 
chicken bone and marrow, rabbit bone and marrow, rat bone, 
and dog iliac bone and marrow. Mesenchymal cells from dog 
cancellous bone and marrow were harvested and culture- 
expanded by the identical methods described above for human 
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cancellous bone and marrow. Bone samples were demineralized 
in RDO Rapid Bone Decalcifier (Dupage Kinetics Laboratories 
Inc. Plainfield, IL). The unfixed tissues were each embedded in 
OCT-Tissue Tek Freezing Medium, sectioned at 6 u,m, and 
placed on gelatin-coated slides. Tissue sections were screened 
against hybridoma culture superaatants from cloned hybridomas 
by the same procedure described above for screening culture- 
expanded, human marrow-derived, mesenchymal cells in frozen 
sections. Some cryosections of demineralized bone, a whole 
marrow cell suspension, and a low-density Percoll gradient cell 
suspension were further treated with collagenase, trypsin, testic- 
ular hyaluronidase, chloroform-methanol, or sodium periodate in 
an attempt to expose masked epitopes. These agents did not 
uncover any additional antigenic sites. 

F low cytometric analyses 

Culture-expanded cells were released from culture dishes with 
trypsin and incubated with the monoclonal antibodies SH2, SH3, 
and SH4, or control antibody (SB-1) for 1 h at 4° C. Cells were 
rinsed with Tyrodes and then incubated for 1 h at 4° C with 
goat anti-mouse IgG conjugated to FITC. After rinsing away 
unbound antibodies, the cells were adjusted to a concentration of 
1 x 10 6 cells per ml, and the number of fluorescently labeled 
cells was quantified with a Flow Fluoragraph IIS (Becton Dick- 
inson, MA). 

Results 

Hybridoma clone analysis 

After splenocytes were fused with mouse myeloma cells, the 
resulting hybridoma cells were plated into ten 96-well plates and 
incubated until cell colonies were visible by macroscopic obser- 
vation (2-3 weeks). Of the 960 wells plated with cells, 764 wells 
showed growth of at least one hybridoma colony. Screening of 
the superaatants from the 764 wells by ELISA to identify im- 
munoglobulin revealed that 245 wells contained immunoglobu- 
lin. These were further screened with a two-step indirect immu- 
nofluorescence assay with culture-expanded, human marrow- 
derived, mesenchymal cells. First, supernatants were screened 
against cryosections of pelleted culture-expanded cells; 171 of 
the 245 supernatants showed positive reactivity to the cells in this 
assay. The patterns of reactivity varied, with some supernatants 
producing reactivity only to cell surface epitopes, others reacting 
to cell surface and intracellular epitopes, and still others reacting 
only to intracellular epitopes. It is important to note that staining 
patterns consisting of a substantial number of stained and un- 
stained cells, were not observed with any of the hybridoma cul- 
ture supernatants. To confirm the identity of supernatants react- 
ing to cell surface epitopes, the 171 supernatants were tested 
against living, culture-expanded cells in confluent micromass 
cultures. Since the cells in this assay are living, positive reac- 
tivity indicates monoclonal antibody binding to cell surface 
epitopes and not to intracellular epitopes, which are exposed in 
the cryosections discussed above. Supernatants from 15 of the 
171 wells immunostained the cell surface of the living cells. 
Before further characterization, the hybridoma cells from the 15 
positive wells were collected from their original wells and cloned 
by limiting dilution. 

The monoclonal antibodies from the 15 cloned hybridoma 
cell lines were then screened against cell suspensions of whole 
marrow and low-density Percoll gradient fractions of marrow 
(mesenchymal stem cell-rich fraction) to identify those that se- 



lectively bind to cell surface epitopes on marrow-derived mes- 
enchymal cells and not to marrow-derived hemopoietic cells. Of 
the 15 hybridoma cell lines, three showed essentially no reac- 
tivity to cell surface epitopes on the marrow-derived hemopoietic 
cells in the ceil suspension assay. These three cell lines were 
named SH2, SH3, and SH4. Isotype analyses showed antibodies 
SH2 and SH4 to be of the IgG-1 isotype and antibody SH3 of the 
IgG-2b isotype. The reactivity of each of the three monoclonal 
antibodies in the screening assays described above is illustrated 
in Figs. 1-3. Figure 1 illustrates the immunoreactivity of the 
three antibodies to cryosections of culture-expanded mesenchy- 
mal cells. In each case the antibodies react with the outer rim or 
cell surface of most cells, although intracellular fluorescent 
staining is present in some cells with each of the antibodies. The 
intensity of fluorescence varies among the three antibodies, with 
SH4 yielding the highest fluorescent staining, followed by SH3 
and finally SH2. These differences may indicate differences in 
the number of binding antigens for each antibody. Alternatively, 
the differences in intensity could arise from varying levels of 
antigen accessibility due to blocking of the cell surface antigens 
from binding to the antibodies by other molecules. Likewise, the 
intensity of fluorescence is different for each antibody in indirect 
immunofluorescent analysis of the culture-expanded cells in liv- 
ing micromass cultures (Fig. 2). Reactivity to the cell surface is 
clearly evident for each antibody; again, the staining intensity is 
greatest for SH4, then SH3, and least for SH2. With all three 
antibodies the culture-expanded cells in cryosections and micro- 
mass are not uniformly stained. Instead, some cells appear to be 
stained more than others. Although the reasons for this are not 
clear at present, the observations are interesting and may be 
important. Also, with all three antibodies, no staining is ob- 
served outside of the cell surface, which might suggest that the 
surface reactivity may be due to extracellular matrix components 
in close contact with the cell. 

In contrast to the positive staining of the three antibodies to 
the cell surface of the culture-expanded mesenchymal cells, 
practically no cells are reacti ve when the antibodies are assayed 
against cell suspensions derived from whole marrow (Figs. 3A 
and B) or the low-density fraction of marrow cells generated by 
Percoll gradient fractionation (Figs. 3C and D). In both of these 
preparations the vast majority of cells are of the hemopoietic 
lineage and do not react with the antibodies. Positively stained 
cells are observed at very low frequency in both samples, and 
may indicate the presence of a few mesenchymal cells; however, 
the exact identity of the positively staining cells has not been 
definitely shown, since similar positively stained cells are infre- 
quently seen in samples incubated with FITC-labeled second 
antibody in the absence of primary antibody. 

In order to determine the percentage of culture-expanded, 
mesenchymal cells that express antigens recognized by the SH2, 
SH3, and SH4 monoclonal antibodies, the number of immuno- 
reactive cells was quantified by flow cytometry. All three anti- 
bodies generated increased fluorescence on 95-98% of the cul- 
ture-expanded cells relative to the level of fluorescence on cells 
after incubation with control antibody. 

Reactivity of SH2, SH3, and SH4 to mesenchymal cells in 
intact marrow tissue 

The three monoclonal antibodies were tested on cryosections of 
marrow tissue harvested from femoral head cancellous bone. 
With each antibody, immunofluorescent staining is observed on 
some fibroblastic cells within the connective tissue matrix of the 
marrow stroma (Fig. 4). For cells in the plane of focus, staining 
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Fig. 1. Cryosections of culture-expanded, human marrow-derived mesenchymal cells after trypsin-mediated release from culture plates. Sections were 
incubated with negative control antibody (A) or with antibodies SH2 (B), SH3 (C), or SH4 (D), then FTTC-goat antimouse immunoglobulin. The 
sections were then viewed with phase contrast (left) or immunofluorescent (right) optics. Note that each of the monoclonal antibodies stains the 
periphery of the sectioned cells, which indicates predominantly cell surface reactivity (*320). 
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Fig. 2. Expressions of SH2, SH3, and SH4 antigens on live culture-expanded, human marrow-derived, mesenchymal cells. Micromass cultures of 
human marrow-derived mesenchymal cells were incubated with negative control antibody (A) or antibodies SH2 (B), SH3 (C), or SH4 (D), followed 
by FTTC-goat antimouse immunoglobulin, and then viewed with phase contrast (left) or immunofluorescent (right) optics. Note that the live culture- 
expanded, human marrow-derived, mesenchymal cells express antigens on their surface recognized by each of these monoclonal antibodies (X 184). 



D 



Fig. 3. Cell suspensions of whole marrow were incubated with control antibody (A) or monoclonal antibody SH4 (B), followed by FTTC-goat 
antimouse immunoglobulin, and then viewed under phase (left) or immunofluorescent (right) optics. Almost all tie cells are unreactive to the control 
and SH4 antibodies. A very small percentage of the cells show reactivity to both antibodies, although the frequency of positive reactivity is identical 
and likely indicates nonspecific binding. Similar binding is observed when whole marrow is treated with monoclonal antibodies SH2 or SH3. Cell 
suspensions of Percoll-fractionated marrow likewise were incubated with control antibody (C) or SH4 (D), followed by FITC-goat antimouse 
immunoglobulin, and then viewed under phase (left) or immunofluorescent (right) optics. Almost all the cells are unreactive in the sample treated with 
control antibody, as well as in the SH4-treated sample. A low percentage of reactive cells (white arrow) above that observed in the control sample are 
observed in the SH4-treated sample. Binding levels similar to that observed for SH4 are observed when monoclonal antibodies SH2 and SH3 are used 
(X299). 
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Fie 4. Expression of the SH2 antigen on mesenchymal cells in intact human marrow tissue. Cryosections of human marrow tissue from femoral head 
cancellous bone were incubated with negative control antibody (A) or the SH2 antibody (B), followed by FITC-goat antimouse immunoglobulin and 
then viewed with phase contrast (left) or immunofluorescent (right) optics. Note that the round clustered hemopoietic cells are not stained by the SH2 
antibody whereas some cells within the connective tissue stroma are stained. Some nonimmunoreactive autofluorescence of the tissue is observed m 
the negative control. The difference between the autofluorescence and specific immunostaining is clearly apparent during actual observations, but is 
difficult to capture on black and white film. SH3 and SH4 generated staining patterns similar to SH2 on cryosections of marrow tissue; however, it 
was not determined if the staining patterns were identical because of the technical difficulties of generating consecutive cryosections of the mtact 
marrow tissue (x 187). 



is seen outlining the surface. For cells outside the plane of focus, 
the cell surface staining is not as easily observed in the photo- 
micrographs, but is apparent under direct observations by ma- 
nipulating the focus. For each antibody, only a subset of the 
stromal connective tissue cells are stained, indicating that the 
antibodies do not recognize all marrow stromal cell types. Stain- 
ing is not observed on the round clustered hemopoietic cells. 

Tissue specificity ofSH2, SH3, and SH4 among 
mesenchy malty -derived tissues 

The three antibodies were tested on unfixed cryosections of a 
variety of mesenchymal tissues to characterize their selectivity 
for cell surface epitopes on marrow-derived mesenchymal cells 
in relation to other mesenchymal-derived tissues (Table I). All 
three antibodies fail to stain skeletal muscle cells, osteoblasts, 
osteocytes, and the extracellular matrix of femoral and rib bone. 
SH2 also does not react with chondrocytes from articular carti- 
lage and rib cartilage, whereas SH3 and SH4 stain the cell sur- 



Table I. Mesenchymal tissue distribution of antigens 



Monoclonal antibodies 



C. Mesenchymal-derived tissues 


SH2 


SH3 


SH4 


1. Femoral head (bone) (HC1) 








2. Rib bone and marrow (RDO) 








3. Rib cartilage 




■ + 


+ 


4. Skeletal muscle 








5. Rib periosteum 


+ 


+ 


+ 


.6. Cultured periosteal cells 








(micromass) 




4- 


+ 


7. Ligament 


M 


M 




8. Tendon 






M 


9. Articular cartilage 




+ 


+ 


10. Femoral shaft (RDO, HCL) 








11. Skin (dermis) 


± 


± 


± 



+ = positive reactivity to the surface of the majority of the cells of the 
tissue. ± = positive reactivity to a small subset of cells in the tissue. M 
= reactivity to extracellular matrix components. 
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face of chondrocytes in both articular and rib cartilage (Fig. 5). 
All three antibodies stain the cell surface of a select group of 
cells in rib periosteal tissue. Stained cells are most frequent along 
the innermost layer of periosteum directly adjacent to the bone 
(Fig. 6.) The frequency of stained cells dirninishes with increas- 
ing distance from the inner surface. SH3 and SH4, but not SH2, 
also stain culture-expanded cells derived from rib periosteum. In 
addition, all three monoclonal antibodies stain fibroblastic cells 
scattered throughout dermis, although the intensity and the 
amount of binding vary with each antibody. 

Cross-reactivity with non-mesenchymal tissues 

SH2, SH3, and SH4 were screened by indirect immunofluores- 
cence on frozen sections of the following non-mesenchymal tis- 
sues: small intestine, heart, lung, liver, brain, gall bladder, and 
epidermis (Table II). All three monoclonal antibodies are non- 
reactive with brain and epidermis. SH2 is also negative with gall 
bladder, but reacts with extracellular matrix components of in- 
testine, heart, lung, and liver. SH3 is negative with all the tissues 
except liver, where some extracellular matrix reactivity is ob- 



served. SH4 is nonreactive with all of the tissues except gall 
bladder, which shows positive reactivity in the tissue matrix. 

Cross-reactivity with other species 

SH2, SH3, and SH4 were tested for reactivity on unfixed cryo- 
sections of a variety of tissues and cells from rat, rabbit, dog, and 
chicken to determine the level of species cross-reactivity. SH2 
and SH3 are nonreactive with frozen sections of culture- 
expanded dog marrow mesenchymal cells, day 7 chick hatchling 
tibia, day 12 chick embryonic heart, day 12 chick embryonic 
tibia, rabbit skin, rabbit femur, and rat femur. SH4 reacts with 
the cell surfaces of a subset of culture-expanded, dog marrow- 
derived, mesenchymal cells, but is not reactive with the other 
animal tissues listed above. 

Discussion 

Human marrow contains mesenchymal cells with the potential to 
differentiate into bone. These cells are present in marrow in very 




Fig. 5. Expression of the SH3 but not the SH2 antigen on chondrocytes in human articular cartilage. Cryosections of human articular cartilage were 
incubated with SH2 (A) or SH3 (B), followed by FITC-goat antimouse immunoglobulin, and then viewed with phase contrast (left) or immunoflu- 
orescence (right) optics. Note that the SH2 antibody fails to stain either the chondrocytes or the extracellular matrix in which they are embedded. In 
contrast, SH3 stains the cell surface of the chondrocytes and is nonreactive to the tissue matrix (X 179). The SH4 antibody generates a staining profile 
very similar to the SH3 antibody. 
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Fig. 6. Expression of SH2, SH3, and SH4 antigens in human periosteal tissue. Cryosections of human periosteum from rib bone were incubated with 
negative control antibody (A) or antibodies SH2 (B), SH3 (Q, or SH4 (D), followed by FITC-goat antimouse immunoglobulin, and then viewed with 
phase contrast (left) or immunofluorescent (right) optics. The inner surface of periosteum, or side adjacent to the bone, is at the top. Note that each^ 
antibody stains a thin layer of cells along the inner surface of the periosteal tissue (X237). 
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Table D. Non-mesenchymal tissue distribution of antigens 



Monoclonal antibodies 

D. Nonmesencbymal- 



derived tissues SH2 SH3 SH4 



1. Intestine M ~ - 

2. Heart M 

3. Lung M 

4. Liver M M 

5. Brain - - - 

6. Gall bladder ± 



7. Breast skin (epidermis) - - - 

+ = positive reactivity to the surface of the majority of the cells of the 
tissue. ± = positive reactivity to a small subset of cells in the tissue. M 
» reactivity to extracellular matrix components. 

low numbers; however, we have previously shown that they can 
be enriched and expanded in culture without the loss of their 
osteogenic capacity (Haynesworth et al. 1992). In this study, 
epitopes on the surface of these cells were detected by monoclo- 
nal antibodies. Immunostaining of intact marrow tissue confirms 
that these mesenchymal cells represent a small subset of the 
heterogeneous marrow stromal cell population. After culture- 
expanding this subset of mesenchymal cells from femoral head 
and iliac crest bone marrow, virtually all of the culture-expanded 
cells are stained by each of the monoclonal antibodies as mea- 
sured by flow cytometry, suggesting that the culture system is 
selective for these mesenchymal cells with similar cell surface 
characteristics, in comparison to other stromal phenotypes and 
hemopoietic cells. These epitopes are, therefore, useful markers 
for distinguishing marrow mesenchymal cells from marrow he- 
mopoietic cells, and for developing protocols that use the 
epitopes-specific monoclonal antibodies to quantify and purify 
marrow-derived mesenchymal cells from samples of whole 
marrow. 

The three monoclonal antibodies likely react with different 
molecules, since they produce three distinct patterns of cross- 
reactivity with mesenchymal and non-mesenchymal tissues (Ta- 
bles I and II). This cross-reactivity could arise from the presence 
of the same molecules on different cell types, different isoforms 
of the same molecules, or similar epitopes on different mole- 
cules. These considerations will be clarified as more information 
is gained through the identification and characterization of the 
cell surface antigens. However, it should be noted that identifi- 
cation and characterization of the cell surface antigens is not 
necessary in order to use these monoclonal antibodies as specific 
probes for mesenchymal cells in assays of marrow tissue and in 
studying the osteogenic lineage. 

Some similarities in tissue specificity are observed among the 
three monoclonal antibodies. Of considerable interest is the cell 
surface cross-reactivity of antibodies SH2, SH3, and SH4 to 
human periosteal cells in intact tissue, and SH3 and SH4 to 
culture-expanded cells. These cells have been shown to have the 
capacity to differentiate into both cartilage and bone (Koshihara 
et al. 1989; Nakahara et al. 1990, 1991). The presence of these 
developmentally regulated antigens on periosteally-derived and 
marrow-derived mesenchymal cells suggests that the two groups 
of progenitor cells may possess similar structural characteristics, 
in addition to well documented similarities in developmental and 
lineage potentials. The antibody SH2, however, does not react 
with culture-expanded periosteal cells, which indicates that mar- 
row-derived and periosteally-derived mesenchymal cells are 
•likely similar but not identical. Also of interest is the cross- 
reactivity of all three monoclonal antibodies to a subset of human 
dermal fibroblast cells. The significance of this cross-reactivity 



cannot be determined by the data presented in this study, al- 
though the possibility exists that since marrow and dermal mes- 
enchymal cells share common cell surface antigens, they may 
also share other structural properties and have similar develop- 
mental potentials. 

All three monoclonal antibodies are nonreactive to osteo- 
blasts and osteocytes from human bone. Since these cultured 
mesenchymal cells have clearly been shown to have the potential 
to differentiate into osteoblasts, these observations suggest that 
the antigens recognized by the monoclonal antibodies are lost as 
the marrow-derived mesenchymal cells differentiate and pass 
through the osteogenic lineage pathway. Because the antigens 
appear to be lost during osteogenesis, it may be possible to use 
them as markers for the very early stage progenitor cell (or stem 
cell), which matures by progressing through a series of transition 
steps on the way to developing into a secretory osteoblast and 
finally an osteocyte. Several of the transitional stages of osteo- 
blast development have been identified by Bruder and Caplan 
(1989a, 1989b, 1990a, 1990b), who used monoclonal antibodies 
to study chick tibia development. A nonsecretory pre-osteoblast 
identified by the monoclonal antibody SB-1 (which is specific 
for alkaline phosphatase) differentiates into a transitory osteo- 
blast and then a secretory osteoblast, which contains cell surface 
antigens recognized by monoclonal antibodies SB-1, SB-2, and 
jSB-3. This cell can continue to develop into what is described as 
an osteocytic osteoblast, which has lost the SIM and SB-3 an- 
tigens, while acquiring a new antigen labeled by SB-5. Finally, 
an osteocyte with only SB-5 antigen is formed. However, no cell 
surface markers were identified for the primitive stem cells or 
progenitor cells that give rise to osteoblasts and osteocytes; 
moreover, no reports of specific cell surface markers for os- 
teoprogenitor cells have ever been reported. Therefore, the 
monoclonal antibodies generated in this study may provide use- 
ful reagents for understanding the sequence of events in the early 
stages of osteogenic cell development. 

With the availability of monoclonal antibodies to these anti- 
gens, assays can now be developed to quantify the number of 
mesenchymal cells in marrow and deterrnine the variation in 
mesenchymal-stem cell content in marrow from different sources 
of bone, and how the number of mesenchymal cells is affected 
by age. These data will help elucidate the relationship between 
mesenchymal cell number and the decreased level of bone for- 
mation that occurs with advanced age, often leading to osteopo- 
rosis. The monoclonal antibodies will also allow monitoring of 
the process of cell differentiation under various culture condi- 
tions and correlation of the abatement of antibody staining with 
the appearance of osteoblast- specific markers, such as alkaline 
phosphatase and osteocalcin. The information gained through the ' 
future use of these monoclonal antibodies will likely add to the 
understanding of osteogenic cell differentiation and osteogenic 
tissue homeostasis. 
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Mesenchymal stem cells are multtpotent cells that can be iso- 
lated from adult bone marrow and can be induced in vitro and in 
vivo to differentiate into a variety of mesenchymal tissues, in* 
eluding bone, cartilage, tendon, fat, bone marrow stroma, and 
muscle 1 2 . Despite their potential clinical utility for cellular and 
gene therapy, the fate of mesenchymal stem cells after systemic 
administration is mostly unknown. To address this, we trans- 
planted a well-characterized human mesenchymal stem cell 
population 1 into fetal sheep early in gestation, before and after 
the expected development of immunologic competence. In this 
xenogeneic system, human mesenchymal stem cells engrafted 
and persisted in multiple tissues for as long as 13 months after 
transplantation. Transplanted human cells underwent site-spe- 
cific differentiation into chondrocytes, adipocytes, myocytes 
and cardiomyocytes, bone marrow stromal cells and thymic 
stroma. Unexpectedly, there was long-term engraftment even 
when ceils were transplanted after the expected development 
of immunocompetertce. Thus, mesenchymal stem cells maintain 
their multipotential capacity after transplantation, and seem to 
have unique immunologic characteristics that allow persistence 
in a xenogeneic environment. Our data support the possibility 
of the transplantability of mesenchymal stem cells and their po- 
tential utility in tissue engineering, and cellular and gene ther- 
apy applications. 

Although a heterogeneous population, the human mesenchy- 
mal stem cells (MSCs) used here 3 have been well characterized 
in their ability to proliferate in culture with homogeneous 
morphology, the uniform presence of a consistent set of sur- 
face marker proteins and their differentiation into multiple 
mesenchymal lineages in controlled in vitro conditions. 
Analysis of colonies derived from individual cells from cul- 
tured MSCs has confirmed the presence of a subpopulation of 
cells with at least tri-potential differentiative capacity (bone, 
cartilage and adipose tissue) 3 . Assessment of the engraftment, 
survival and long-term fate of human MSCs after transplanta- 
tion would require a surrogate animal model in which trans- 
planted cells could be easily detected and would not be 
rejected. We used the fetal lamb model because it has been 
used as an assay system for human hematopoiesis 4 . The fetal 
lamb is immunologically tolerant of allogeneic skin grafts 5 or 
of allogeneic 6 or xenogeneic 4 hematopoietic cells before 75 
days of gestation, which allows avoidance of the immuno- 
logic barriers present in post-natal models. In this model, 
long-term, multilineage, human hematopoietic chimerism 
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has been established by the pre- immune transplantation of 
human hematopoietic stem cells. Because human and sheep 
DNA and proteins are widely disparate with respect to se- 
quence homology, human-specific markers can be used for 
the unequivocal detection and characterization of human 
cells by a variety of methodologies. 

To assess the influence of stage of hematopoietic develop- 
ment and immune response on MSC engraftment, we trans- 
planted equivalent doses per kilogram (1-2 x 10* MSCs/kg fetal 
weight, or 5-20 x 10* cells/fetus) of MSCs by intraperitoneal 
injection at either 65 days or 85 days of gestational age (term 
is 145 days). We chose these times because they represent dif- 
ferent developmental stages in the sheep for hematopoiesis 
and immune response. Hematopoiesis mainly occurs in the 
fetal liver at 65 days of gestation, with only minimal bone 
marrow formation, whereas active hematopoiesis is present in 
the bone marrow by 85 days of gestation 7 . In addition, fetal 
lambs develop the capacity to reject allogeneic skin grafts 5 
and demonstrate allogeneic or xenogeneic hematopoietic en- 
graftment failure 8 after 75 days of gestation. 

We assessed the early and late tissue distribution of human 
cells after in utero transplantation using PCR for human-spe- 
cific (J-2 microglobulin DNA sequences on DNA isolated from 
multiple tissues (Fig. 1). Tissues were collected at 2 weeks, 2 
months, 5 months or 13 months after transplantation. We de- 
termined the tissue distribution at the time of collection of 
human cells transplanted at 65 and 85 days of gestation (Fig. 
1 c). All sheep transplanted at 65 days of gestation (n = 12) and 
16 of 17 transplanted at 85 days of gestation had demonstra- 
ble human cell engraftment at the time of tissue collection. 
Although the pattern of human cell distribution in individual 
sheep differed, human-specific sequences were detectable in 
28 of 29 sheep (Fig. 16). 

These results show that despite their large size and fibrob- 
lastic morphology, MSCs can be transplanted and are capable 
of engraftment in multiple tissues, even when transplanted 
into the fetal peritoneal cavity. This requires migration across 
endothelial barriers, integration into host tissue microenvi- 
ronments, and survival with available growth and regulatory 
signals. Our finding of a variable pattern of long-term human 
cell engraftment after detection of human cells at 2 weeks in 
nearly all tissues studied supports a model of nonselective 
hematogenous distribution, with subsequent selective long- 
term survival in specific tissues. This may be a function of the 
ability of specific microenvironments to support the engraft- 
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ment and differentiation of MSCs or, alternatively, the loss 
of engraftment from some tissues may be due to heterogene- 
ity of the transplanted population with respect to differenti- 
ation potential or replicative capacity and longevity. A third 
possibility is that the xenogeneic microenvironment can 
support the viability and differentiation of human MSCs, but 
not their self-replication. We have not quantitatively as- 
sessed expansion of the cells transplanted in this experi- 
ment. As the signals that stimulate MSC proliferation and 
differentiation are unknown, minimal expansion of donor 
cells in this xenogeneic, competitive model would not be un- 
expected. However, the apparent low frequency of donor 
cells indicated by immunohistochemistry here may be mis- 
leading, In the sheep model, exponential growth of the 
sheep occurred after transplantation. Experiments in the 
sheep model of human hematopoiesis in which human cells 
have been quantitatively assessed in chimeric bone mar- 
row 0,10 have shown that even when low frequencies of donor 
cells can be detected, there is tremendous interval expansion 
in the total number of donor cells since transplantation. 

The apparent lack of immune response indicated by the 
persistence of human cells transplanted at 85 days of gesta- 
tion in the sheep fetus is interesting. Potential mechanisms 
for tolerance include failure of immune recognition, local 



Fig. 1 Screening of sheep tissues (n = 29) after transplantation, by ON A 
PCR using probes specific for human p-2 microglobulin sequences, a, Gels 
represent samples from two sheep transplanted at 65 d and 85 d of gesta- 
tion, followed by tissue collection 2 weeks (wks) after transplantation (top), 
or transplanted at 65 d of gestation, followed by tissue collection 2 months 
(mos) after transplantation (bottom). Left lane, molecular size markers 
(1 23-base-pair ladder). Human lanes represent samples of human cells di- 
luted in sheep cells as indicated. Tissue abbreviations as listed in panel c; 
Ov, ovine control DNA. Frequency of human ceil engraftment (in at least 
one tissue) at the time sheep were killed, assessed by PCR screening, wks, 
weeks; mos, months, c Distribution of human-sequence-positive tissues at 
the times of tissue collection for sheep in the early and late transplantation 
groups. not analyzed. 



immune suppression or thymic clonal deletion. Human MSCs 
express class I human leukocyte antigen but do not express 
class II, which may limit immune recognition 3 . In vitro, MSCs 
added to mixed lymphocyte cultures nonspeciflcally ablate 
alio reactivity by an as-yet-unknown mechanism (K. 
Mcintosh, personal communication). As the involvement of 
thymic deletional mechanisms of tolerance when foreign 
antigen is presented after the development of a mature T-lym- 
phocyte repertoire is unlikely, the persistence of human cells 
in this model may result from a combination of minimal im- 
munogenlcity and local immune suppression. 

We confirmed the presence of human cells in PCR-posltlve 
tissues by immunohistochemistry using an antibody specific 
for human p-2 microglobulin, a component of the class I anti- 
gen complex (Fig. 2). Negative controls, consisting of tissues 
from transplanted sheep that were negative by PCR and age- 
matched tissues from normal sheep, were uniformly negative 
and confirmed the human specificity of the staining (data not 
shown). Many human MSCs were present in pre-natal (2 
months) and post-natal (5 months and 13 months) 
hematopoietic and lymphopoietic tissues, including the fetal 
liver, bone marrow, spleen and thymus (Fig. 2a-a). We also 
identified human cells by P-2 microglobulin staining in non- 
lymphohematopoietic sites, including adipose tissue, lung 
(Fig. 2e and /), articular cartilage (Fig. 3a and b), perivascular 
areas of the central nervous system (Fig. 3i), and cardiac and 
skeletal muscle (Fig. 4a and i-/r). 

We assessed differentiation of human cells in various tis- 
sues using one of four techniques: characteristic morphology 
by staining with antibody against human p-2 microglobulin; 
immunohlstochemical double staining for antibody against 
human p-2 microglobulin and a second non-human-specific 
differentiation marker; a combination of in situ hybridization 
for human sequences cleaved by Arthrobacter luteus (Alu) 1 re- 
striction endonuclease combined with non-human-specific 
markers of muscle differentiation; or, where available, posi- 



Fig. 2 Immunohistochemistry with human-specific antibody against p-2 
microglobulin, a. Fetal liver at 2 months after transplantation (transplanted 
at 65 d of gestation), showing large human cells in clusters of 
hematopoiesis. b. Bone marrow 5 months after transplantation, showing 
many human cells per field. Original magnification. x20. e. Frozen section 
of fetal spleen 2 weeks after transplant, showing large human cells with dis- 
tinct nuclei. Original magnification, x40. d, Thymus at 5 months after trans- 
plantation, showing a large human cell. «. Human adipocyte at 13 months 
after transplantation, f. Large human cell in alveolar space of fetal lung at 2 
months after transplantation. Original magnification (a and *-r). x100. 
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tive staining with human-specific differentiation markers 
proven not to cross-react with sheep cells. We confirmed site- 
specific differentiation for many cell types. We identified 
chondrocyte differentiation by finding human [J-2 microglob- 
ulln-positive cells in the lacunae of articular cartilage (Fig. 3a 
and o). The immunohistochemical identification of human 
cells within the lacunae of cartilage specimens that were PCR- 
positive for human [5-2 microglobulin sequences represented 
definite evidence of human chondrocyte differentiation. We 
identified human adipocytes in PCR-positive specimens by 
staining with antibody against human P-2 microglobulin and 
characteristic morphology (Fig. 2e). We assessed differentia- 
tion of human MSCs in bone marrow by Irnmunohistochem- 
Istry using a human-specific antibody against CD23. CD23 is 
the low-affinity immunoglobulin E receptor and is expressed 
on a variety of cell types, including B-cell progenitors and 
bone marrow stromal cells 11 . At 2, 5 and 13 months after in 
utero transplantation, many human cells were present in the 



Fig. 4 Evidence for cardiac and skeletal myocyte differentiation. a~d. 
Cardiac muscle assessed at 5 months, a. Human cell (arrow) in the heart 
Identified using antibody against 0-2 microglobulin (dark brown) and coun- 
terstaining (pink) with antibody against SERCA-2. Original magnification. 
x100. b, Age-matched sheep heart; negative control for staining with anti- 
body against p-2 microglobulin and counterstaining with SERCA-2. cand d, 
In situ hybridization for human ALU sequences and counterstaining with 
SERCA-2. e, Human nucleus (arrow) within sheep cardiomyocyte. d, Human 
heart (positive control), a-h, Skeletal muscle analyzed by In situ hybridiza- 
tion for human ALU sequences and counterstained with dystrophin. #and f, 
Sheep skeletal muscle in cross-section with human nuclei (arrows) on the 
periphery of the cell, g, Age-matched sheep muscle (negative control), ft, 
Human skeletal muscle (positive control). The arrows show human nuclei 
identified by in situ hybridization for human ALU sequences. M Skeletal 
muscle stained with human-specific antibody against p-2 microglobulin 
and various counterstalns. i, Counterstaining with SERCA-2, showing a 
human nucleus (arrow) on the periphery of a myocyte./ Counterstaining 
with antibody against slow myosin, showing a human nucleus (arrow) on 
the periphery of a myocyte. *, Counterstaining with antibody agaihst fast 
myosin, showing a human nucleus (arrow) on the periphery of a myocyte. /, 
Human skeletal muscle (positive control), counterstained with SERCA-2. 



Fig. 3 Evidence for human cell differentiation, a and b, Low- and high- 
power magnification of staining of PCR-positive articular cartilage with 
human-specific antibody against p-2 microglobulin, a, Human cells in three 
separate lacunae of the cartilage (arrowheads) . b. Higher-power magnifica- 
tion of human lacunar cell (arrowhead), c-a. Staining of bone marrow 5 
months after transplantation with human-specific CD23. e, Negative con- 
trol marrow from age-matched normal sheep, d, CD23 staining of PCR pos- 
itive bone marrow, showing many large human cells, a. High-power 
magnification of CD23- positive bone marrow cells (arrowhead), f-h, 
Staining of thymus 5 months after transplantation with human-specific 
C074. f, Negative control thymus from age matched normal sheep, g, 
Low-power magnification of CD74-positive cell (arrowhead), h, High- 
power magnification of a human thymic stromal cell (arrowhead). Original 
magnification. 200x. /. Double staining of PCR-positive brain tissue with 
anti p-2 microglobulin (dark brown granules, arrowheads) and antl glial fib- 
rillary acid protein (GFAP-purple)./ Staining with antibody against p-2 mi- 
croglobulin at 2 months after tall wounding. Multiple human cells are seen 
at the wound in the dermis (arrowheads) and in dermil appendages, Jr. 



marrow and expressed CD23 (Fig. 3d and e). These human 
CD23-positlve cells seemed to be large cells clustered In areas 
with ovine hematopoietic elements, consistent with bone 
marrow stroma. Staining of CD23-positive bone marrow with 
antibody against human CD45 was consistently negative, 
confirming that the human cells in the bone marrow were 
non-hematopoietic. We assessed differentiation of human 
MSCs in the thymus using immuno histochemistry with a 
human-specific antibody against CD 74. At 2 and 5 months 
after in utero transplantation, multiple human cells detected 
in the thymus strongly expressed CD 74 (Fig. 3^ and h), a 
major-h is to compatibility-complex-associated invariant chain 
expressed on thymic stromal cells 12 . These cells were large and 
were similar in morphologic appearance to epithelial cells, 
supporting our interpretation of the cells as thymic epithelial 
cells. The precursor of thymic dendritic cells is thought to be 
the hematopoietic stem cell, whereas the origin of the thymic 
epithelial cell is controversial. Our data supports but does not 
prove a mesenchymal origin for the thymic epithelial cell as a 
stromal-supporting cell in the thymus. Although human cells 
in the central nervous system were identified by PCR, these 
cells were located in the perivascular spaces in the gyral sulci 
rather than in the brain parenchyma and, on double staining, 
did not co-localize with cells expressing glial fibrillary acid 
protein, a marker for glial cell differentiation (Fig. 3/). Finally, 
we documented cardiomyocyte and skeletal myocyte differ- 
entiation by a combination of approaches. In cardiac muscle, 
P-2 microglobulin staining (Fig. 4a) or in situ hybridization 
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for human ALU sequences (Fig. 4c) were combined with dou- 
ble staining with antibody against smooth endoplasmic retic- 
ulum ATPase-2 (SERCA-2), a cytoplasmic protein specific for 
smooth or skeletal muscle' 3 . We confirmed skeletal muscle 
differentiation by staining with antibody against dys- 
trophin 14 combined with in situ hybridization for human ALU 
sequences (Fig. 4e and /), or by double staining for [5-2 mi- 
croglobulin and SERCA-2 (Fig. 4/), fast myosin (Fig. 4/) or 
slow myosin (Fig. 4k). 

We also localized human cells at the site of wounds (tail 
clipping) Inflicted at the time of MSC transplantation. These 
cells were in the dermis and dermal appendages and had fi- 
broblastic features, indicating possible participation in 
wound healing (Fig. Zj and k). 

Many reports have documented donor-derived stromal ele- 
ments after bone marrow transplantation 1M6 t indirectly sup- 
porting the possibility of the presence of a 
'norvhematopoietlc' stem cell in whole bone marrow that 
gives rise to stromal supporting elements. Similarly, a report 
documenting donor derived skeletal muscle In a muscle in- 
jury model after bone marrow transplantation 17 supports the 
possibility of a bone-marrow-resident stem cell with mes- 
enchymal differentlative capacity. Evidence supporting the 
presence of osteoprogenitors in bone marrow has been re- 
ported in clinical 18 and experimental 19 studies. All of these 
studies used whole bone marrow as a donor source rather 
than more-defined 'stem cell' populations. Muscle reconstitu- 
tion has been shown in irradiated mice with X-linked muscu- 
lar dystrophy (mdx) after transplantation of highly enriched 
hematopoietic stem cells 20 . Those findings 20 indicate that the 
MSC may be an intermediate population and that the 
hematopoietic stem cell is more pluripotent than previously 
realized. More relevant here are studies that monitored the 
fate of MSCs or MSC-like populations after intravenous or in- 
traperitoneal transplantation. In two studies in mice, cul- 
tured mouse adherent cell populations systemically 
transplanted persisted after transplantation 21 - 22 . Donor cells 
were detected in bone marrow, spleen, bone, cartilage and 
lung up to 5 months later by PCR or fluorescence in situ hy- 
bridization assays for the Y chromosome. Although these 
studies support the possibility of the presence of a bone-mar- 
row-resident MSC, our study has directly documented multi- 
potential differentiation of a relatively well-characterized 
MSC population in vivo after transplantation. Our finding of 
long-term persistence of MSCs with multipotential, site-spe- 
cific differentiation supports the potential of these cells in 
transplantation, gene therapy and tissue engineering applica- 
tions. However, clinical use will require the delivery of ade- 
quate numbers of MSCs to specific sites for therapeutic effect. 
This will require further insight into normal and disease-in- 
duced regulation of MSC proliferation and differentiation, a 
better understanding of the transplant immunology of MSCs 
and the development of strategies for diffuse or site-specific 
delivery for therapeutic applications. 

Methods 

Mesenchymal stem cell isolation and preparation. Fresh bone mar- 
row was obtained by iliac crest aspiration from normal human donors 
after informed consent was given. MSCs were isolated as described'. 
Bone marrow aspirate (10 ml) was added to control medium (20 ml 
Dulbecco's modified essential media; Life Technologies) containing 
10% FBS (Hyclone, Logan, Utah) from selected lots, and was cen- 
trlfuged to pellet the cells and remove the fat. The cell pellet was resus- 
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pended in control medium and fractionated on a density gradient gen- 
erated by centrifugation of a 70% percoll solution (Sigma) at 13,0000 
for 20 min. The MSC-enrlched, low-density fraction was collected, 
rinsed with control medium and plated at a density of 1 x 10 7 nucleated 
cells per 60-mm 2 dish. The MSCs were cultured in control medium at 
37°C In a humidified atmosphere containing 5% C0 2 . Upon reaching 
near confluence, the cells were detached for 5 minutes at 37 °C with 
0.25% trypsin containing 1 mM EDTA (Life Technologies). The cells 
were washed with control medium and were resus pended at a density 
of 5 x 10* MSCs/ml in control medium containing 5% DMSO (Sigma). 
The cells were then stored In liquid nitrogen. 

Animals and transplant procedure. Pregnant Western Cross sheep 
(Thomas Morris, Relsterstown, Maryland) carrying twin pregnancies of 
confirmed gestational age were housed in the large animal facility at the 
Children's Hospital of Philadelphia, approved by the Assocoation for 
Assessment and Accreditation of Laboratory Animal Care (ALAAC). After 
induction of anesthesia and exposure of the fetus by maternal laparo- 
tomy and hysterotomy, MSCs were Injected (1 x 10 B -2 x 10' human 
MSCs/kg estimated fetal weigh), with direct visualization, into the fetal 
peritoneal cavity. 

Tissue processing. Fetal sheep were killed at 2 weeks or 2, 5 or 13 
months after injection, and liver, spleen, lung, bone marrow, thymus, 
brain, heart, skeletal muscle, cartilage and blood were collected and an- 
alyzed for the presence of human cells by DNA isolation and immuno- 
histochemlstry. Tissues positive by PCR were analyzed by 
immunohistochemistry. Tissues negative by PCR and tissues from nor- 
mal age- matched sheep were used as negative controls. In a subset of 
65-day gestation recipients, the fetal tails were cut off at the time of 
MSC injection, and the tail wounds were obtained at 1 week or 2 
months after wounding. Fetal tissues were fixed overnight at 4 °C in 
10% neutral buffered formalin (Fisher Scientific). Bone marrow samples 
were then decalcified in Cal-EX (Fisher) for 1 2 h to 2 weeks (depending 
on size), followed by a 30-minute wash in 3% H 2 0 2 , and a 1-hour wash 
with distilled water. Samples were then embedded In paraffin as de- 
scribed". In addition, samples from each tissue were 'snap-frozen' in 
liquid nitrogen and stored at -80 °C for subsequent total cellular DNA 
extraction. Skeletal muscles were frozen in isopentane-chilled in liquid 
nitrogen for subsequent frozen section analysis. 

DNA Isolation. Total cellular DNA was isolated using DNAzol 
(Molecular Resource Center, Cincinnati, Ohio). Approximately 100 mg 
tissue was homogenized in 1 ml DNAzol. The DNA was precipitated 
with 0.5 ml 100% ethanol. The DNA precipitate was pelleted by cen- 
trifugation and then washed twice with 95% ethanol. The DNA pellet 
was then dissolved In sterile water at a concentration of 1 5 u,g/ml. 

PCR analysis. Total cellular DNA was analyzed by PCR for human-spe- 
cific p-2 microglobulin using a modification of published methods* 4 . 
Specific primers for human p-2 microglobulin were selected based on 
the published human sequence (upstream primer, 5'-GT- 
GTCTGGGTTTCATCAATC-3'; downstream primer, 5'-GGCAGGCAT- 
ACTCATCTTTT-30 and were shown to specifically amplify human, not 
ovine, DNA. Amplification conditions were: 95 ? C for 9 mln, followed by 
45 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 1 5 s, followed by 
an extension at 72 °C for 5 min. All samples were also amplified to de- 
tect the p-actin gene (upstream primer, S'-CGGGACCTGACTGAC- 
TAC-3'; downstream primer, 5'-GAAGGAAGGCTGGAAGAG-3') as a 
control for the presence of amplifiable DNA. For these controls, the re- 
action conditions were the same except 35 cycles of amplification were 
used. The sensitivity of the assay was assessed by human/sheep cell dilu- 
tion studies with a sensitivity of detection of 1 human cell in 10,000 cells. 

Immunohistochemistry. Immunohistochemicai staining was also done 
for human CD74, human CD23, SERCA-2, dystrophin, myosin heavy 
chain (fast and slow) and glial fibrillary acid protein. For all tissues ex- 
cept skeletal muscle, paraffin sections 4-5 y.m in thickness were col- 
lected on Superfrost Plus slides (Fisher) from each of the 
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paraffin-embedded tissues. Slides were Incubated foM6 h at 55 °C and 
then deparaffinated by immersion in xylene followed by rehydration 
over 10 min through a graded alcohol series to deionfzed water. To en- 
hance antigen retrieval, the slides were immersed In 1% Antigen 
Unmasking Solution (Vector Laboratories, Burlingame, California) and 
microwaved for 3 min. Samples were blocked for 30 min at room tem- 
perature with non-Immune serum from the species in which the primary 
antibody was raised (1:10 dilution), followed by a 16-hour incubation 
with the specific primary antibody. The primary antibodies and dilu- 
tions used were; human 0-2 microglobulin, 1:50-1:400 (PharMingen, 
San Diego, California); human CD74, 1:20 (Novocastra Laboratories. 
Newcastle upon Tyne. UK); and human CD23, 1:20 (Vector 
Laboratories). The slides were then washed with PBS followed by a sec- 
ond blocking step of 30 min at room temperature in methanol contain- 
ing 0.6% hydrogen peroxide. Slides were then rinsed with deionized 
water and then PBS, followed by incubation for 30 min at room temper- 
ature with biotinylated secondary antibody (1 :200 dilution; Vectastain 
ABC kit AK-5002; Vector Laboratories). The slides were washed with 
PBS, and avidin-biotln complex was added for 30 min at room temper- 
ature. The slides were then rinsed well in PBS and developed with chro- 
magen 3,3'-diam!nobenzldlne. For sections stained for human 0-2 
microglobulin, CD74 and CD23, the slides were then lightly counter- 
stained with hematoxylin. For cardiac muscle and brain, the human 0-2 
microglobulin was first developed using nickel chloride as the chroma- 
gen and then was subjected to a secondary immunohistochemical stain- 
ing for SERCA-2 (1:50 dilution) or glial fibrillary acid protein (1:100 
dilution), respectively (both from Vector Laboratories), as described". 
Secondary staining was developed using Vector VIP substrate kit (Vector 
Laboratories). No counterstaining was used on these double-stained 
slides. 

For skeletal muscle frozen sections, sections 5 jim in thickness were 
collected on glass slides and stored at -20 °C. Slides were air-dried and 
incubated overnight at 4 °C or at 37 °C for 3 h with primary antibody: 
human dystrophin (clone DYS-2; 1:10 dilution), human myosin heavy 
chain, slow type (clone WB-MHCs; V.100 dilution) or human myosin 
heavy chain, fast type (clone WB-MHCf; 1:100 dilution, all from 
Novocastra Laboratories). Slides were then incubated with secondary 
antibody and avidin-biotin complex as described above, except that 
the Vector alkaline phosphatase mouse IgG kit (PK-6102; Vector 
Laboratories) was used and washes were done in 0.1 M Tris-buffered 
saline, pH 7.5. The slides were developed using the Vector alkaline 
phosphatase substrate kit (SK-5200; Vector Laboratories). For double 
staining with 0-2 microglobulin, slides were transferred to distilled 
water, then fixed for 30 min at room temperature in 1% neutral 
buffered formalin (Fisher Scientific) In PBS. They were blocked for 30 
min at room temperature with 10% horse serum, followed by incuba- 
tion with human 0-2 microglobulin antibody as described above. 

In situ hybridization. For frozen skeletal muscle sections, slides were 
first stained with dystrophin or myosin antibodies and then developed 
as described above before the In situ hybridization. Slides were incu- 
bated for 5 min with 100 u,g/ml proteinase K, then were post-fixed in 
1% formalin in PBS. A fluorescein-conjugated human ALU probe 
(Innogenex, San Ramon, California) was applied and hybridization was 
done at 80 °C for 5 min, followed by 37 °C overnight. Slides were devel- 
oped using the Innogenex in situ hybridization kit for fluorescein-la- 
beled probes (SH-2009-06; Innogenex) according to the manufacturer's 
directions. After the horseradish peroxidase step, the Vector DAB sub- 
strate kit (SK-4100; Vector Laboratories) was used to develop the stain. 
For cardiac sections, in situ hybridization was done before staining with 



SERCA-2. Slides were deparaffinated, hydrated and 'microwave re- 
trieved' as described above, then incubated for 20 min at 37 °C with 20 
u,g/ml proteinase K. The remainder of the staining was as for the frozen 
muscle sections except a 2x concentration of the human ALU probe was 
used (Innogenex). 
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Text of abstract: 

Heart muscle degeneration associated with aging, cardiomyopathy, infarcts and 
congestive heart failure is the leading cause of debilitation and death in humans. Being 
terminally differentiated, cardiomyocytes do not divide significantly to regenerate the 
myocardium. Stem cells transplant posts ethical issues of abortion and technical 
uncertainties as to whether these pluripotent cells will absolutely differentiate into 
cardiomyocytes and not osteoblasts, chondrocytes or others. Myoblasts are myogenic 
cells similar to cardiomyocytes at early differentiation. Recent animal studies suggest 
that implanted myoblasts might be "differentiated" into cardiomyocytes within the heart 
milieu. We present the first successful endovascular transfer of human myoblasts into the 
porcine myocardium. Porcine hearts highly resemble those of humans and are more 
prompt to fibrillate upon minor injury. 

Following IACAC guidelines. A 100-lb juvenile female pig was anesthetized. Access 
was obtained via the right femoral artery using cutdown technique. Catheter advance into 
the left ventricle through the aorta was guided with fluoroscopy followed by 
endomyocardial mapping with the electromagnetic NOGA system (Johnson & Johnson). 
Approximately 1*10 human myoblasts were injected through a needle timed to protrude 
6mm from the tip of the catheter into the myocardium. Twenty injections were made at 
different locations within 40 minutes, having volumes of 0, 1, 0.2, 0.3, 0.5, 1.0 ml, and 
cell concentration of 100X10 6 /ml. Heart rate, electrocardiogram and temperature were 
continuously monitored. Other than transient short runs of ventricular ectopy, the pig 
remained in stable condition throughout the injection period. There was no significant 
change in the parameters monitored. Vital dye staining of the myoblasts before versus 
after the procedure showed no significant difference in cell viability. Furthermore, cell 
passage through the injection catheter showed less than 5% of cell death. At the 
completion of the procedure, the pig was sacrificed and the heart processed for 
histological examination. Transmyocardial perforation was not observed. Numerous 
prominent round and mononucleated human myoblasts were found widely and evenly 
distributed throughout the apex and the lateral wall of the pig left ventricle where the 
myoblasts were injected. 



Conclusions: This study provides the first direct evidence demonstrating the feasibility 
and safety of endovascular delivery of human myoblast into the porcine heart using the 
NOGA catheter injection system. Considering about 2,600 donor hearts were available in 
1999 to serve 7-million Americans that have heart attacks each year, we urge that 
research on human cardiac myoblast transfer be prioritized and expedited to prevent and 
treat heart dysfunction. 
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Assessment of NOGA catheter stability during the entire 
cardiac cycle by means of a special needle-tipped catheter. 

Lessick J , Kornowski R . Fuchs S , Ben-Haim SA . 

Department of Cardiology, Rambam Medical Center, Haifa, Israel. 

The NOGA system maps regional myocardial function and delivers local 
catheter-based therapeutics, requiring stability and precise localization of the 
catheter tip throughout the cardiac cycle. A special catheter having a 
retractable needle at its tip was used to compare tip stability with and 
without needle insertion into the myocardium, assuming this prevents 
catheter slippage. For multiple sites in seven pig left ventricles, we recorded 
sets of three consecutive point locations: pre-, post-, and during needle 
insertion. In-point location stability (LocStab), defined as the mean 
displacement between catheter tip trajectories of two consecutive cardiac 
cycles at a specific point, did not differ among the three groups of points 
(mean, 1.33 +/- 0.61 mm; P = 0.37 by ANOVA), indicating that trajectories 
are equally stable and repeatable with or without needle insertion. Between- 
point LocStab(pl,p2), i.e., displacement between the trajectories of two 
different points (pi and p2) at the same location, was not increased when pi 
= a needle insertion point and p2 = a noninsertion point, compared to both 
pl,p2 = noninsertion points, suggesting that slippage of noninsertion points 
is negligible. In conclusion, catheter tip trajectories at any location are 
highly stable throughout the cardiac cycle. 

PMID: 1 1246261 [PubMed - indexed for MEDLINE] 
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Catheter-based delivery of cells to the heart 

Warren Sherman*, Timothy P Martens, Juan F Viles-Gonzalez and Tomasz Siminiak 



SUMMARY 



Clinical trials have begun to assess the feasibility, safety, and efficacy of 
administering progenitor cells to the heart in order to repair or perhaps 
reverse the effects of myocardial ischemia and injury. In contrast to 
surgical-based injections, which are often coupled with coronary bypass 
surgery, catheter-based injections are less invasive and make it possible to 
evaluate cell products used as sole interventions. The two methods that 
have been tested in humans are injecting cells directly into the ventricular 
wall with catheter systems dedicated to that purpose and infusing cells 
into coronary arteries with standard balloon angioplasty catheters. The 
catheters described in this article have been shown in both animal and 
clinical studies to be effective in cell delivery and to be safe. They are 
well-designed and user-friendly devices, but require further investigation 
to identify means for optimizing cell retention and to address other 
limitations. Randomized, placebo-controlled trials utilizing catheters for 
cell implantation are under way, and others are soon to follow. The results 
of these studies will help to shape the direction of future investigations, 
both clinical and basic. The spectrum of cardiac diseases, the variety of 
catheters for cell delivery, and the wide array of progenitor cell types open 
up this young field to creative discoveries. 

KEYWORDS catheters, cell delivery, intra myocardial, intracoronary, 
progenitor cells 
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INTRODUCTION 

An unfortunate characteristic of the adult 
mammalian heart is its ineffective use of 
programs for repair and regeneration, especially 
after acute coronary occlusion and ST- elevation 
myocardial infarction (STEMI). Experimental 
studies have explored ways to overcome this 
limitation by introducing progenitor cells into 
the myocardium. 1 The choice of cells and of 
methods for isolating them are described in other 
papers in this issue of Nature Clinical Practice 
Cardiovascular Medicine. 2 ' 10 The administra- 
tion of progenitor cells to humans with cardiac 
disease has been recently described. ll ~ 16 This 
article reviews methods for cell delivery that 
utilize percutaneous catheter technology. 

Because the field of cardiac cell-based 
therapy is at a very early stage, many questions 
remain unanswered, including those relating 
to our basic understanding of the biologic 
effects of such therapy. Similarly, aspects of 
cell delivery, such as effective dose and timing 
of administration, are still largely undefined. 
Therefore, what follows is a synopsis of an 
evolving field, intended to provide a basic 
understanding of catheter-delivery systems 
and their functional capabilities. 

CURRENT DELIVERY METHODS 

Percutaneous transplantation of progen- 
itor cells into the heart, performed as a sole 
therapy, allows the evaluation of the cells' 
effects independently of revascularization or 
other interventions. 17 Furthermore, multiple 
administrations over time would be more 
easily justified with a low-risk percutaneous 
procedure. Two catheter-based methods have 
been used in clinical trials to deliver cells to 
the heart: direct intramyocardial injection and 
intracoronary infusion. Though substantially 
different techniques, they share the common 
goal of seeding progenitor cells into specific 
histoanatomic locations, specifically into the 
perivascular, interstitial space surrounding 
injured or ischemic myocardium. In doing so, 
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Table 1 Devices for intramyocardial delivery of cells. 


Device 




Core needle 




Support 


Notes 




OD 
(mm) 


Length 
(cm) 


Composition; 
configuration 


Size 
(Fr*) 


Length 
(cm) 


Configuration 




Helix™* 39 


0.51 


124 


Stainless steel; 
helical 


8 


110 


Deflectable 
guide catheter 


Guide catheter 
(Morph™) is FDA 
approved 


' MyoCath™' b 


0.51 


122 


Stainless steel; 
straight 


8 


115 


Integrated; 
multiple curves 




Myostar™' 24 


0.41 


123 


Nitinol; straight 


8 


115 


Integrated; 
multiple curves 


NOGA-guided; c 
CE marked 


Stiletto™- 35 - 36 


0.46 


133 


Nitinol; straight; 
spring loaded 


9,7 


100, 
125 


Two guide 
catheters 




TransAccess 

Delivery 

System™' 25 


0.41 


177 


Nitinol; curved; 

injection 

catheter 


6.2, 
10 


125, 
80 


Guide catheter; 
transvenous 


IVUS-guided; 
Peripheral device 
(Pioneer™) FDA 
and CE approved 



a French size. b Sherman W er al. Results of the MYOHEART study, a phase I skeletal myoblast study for congestive heart 
failure. Presented at the 2005 scientific sessions of Transcatheter Cardiovascular Therapeutics, Washington DC, USA, 
October, 2005. c NOGA, an electromagnetic mapping system (Biologies Delivery Systems, Diamond Bar, CA, USA). 
• CE, European Community (European Union); IVUS, intravascular ultrasound; OD, outer diameter. 



it is hoped that cells so placed will find condi- 
tions suitable for their survival and retention, 
thereby giving them their best chance to effect 
repair or regeneration. 

Direct intramyocardial injection 

As in the development of other biotherapeu- 
tics, early studies in cardiac cell therapy were 
conducted in animal models — in this case, open- 
chest models — in which techniques of controlled 
myocardial injury and administration of specific 
agents are well established. In large animals, 
surgical exposure of the beating heart permits 
myocardial injections, tagged for subsequent 
analysis, to be localized to segments diseased by 
coronary occlusion. With these techniques, the 
regenerative potential of many cell types has been 
studied. 1,18 Such studies became the foundation 
for the first injections of autologous skeletal 
myoblasts 19 and bone marrow-derived cells 20 in 
humans during coronary artery bypass surgery. 

Catheter-based direct intramyocardial 
methods attempt to simulate surgical injection 
techniques, 21 by approaching the myocardium 
from either its epicardial or its endocardial 
surface. The demands of this task have led to 
the development of devices constructed of 
multiple components. One component (the 
core element) is dedicated solely to the trans- 
port of cells. It is small in caliber and termi- 
nates in a beveled injection needle distally. The 



core catheter is advanced and retracted within 
the outer elements of the device. The other 
components (support catheters) are multi- 
functional, serving to protect the core and to 
direct it toward the region(s) of myocardium 
to be injected. However, while it is believed 
that the capacity to deliver cells by catheter- 
based methods is similar to that obtained 
with open surgical procedures, there are few 
data comparing the two delivery methods. 22 
Moreover, certain aspects of the surgical tech- 
nique described above are not feasible with 
current catheter systems. 

Five intramyocardial catheter-based delivery 
systems have been used in clinical trials 
(Table 1 ). All share the multicomponent design 
features just described. However, they differ in 
their anatomic approach to the myocardium, 
in specific design aspects and materials, and in 
ancillary imaging modalities. 

The first four devices listed (the Helix™ 
[BioCardia Inc., South San Francisco, CA, 
USA], the MyoCath™ [Bioheart Inc., Sunrise, 
FL, USA], the Myostar™ [Biologies Delivery 
Systems, Diamond Bar, CA, USA], and the 
Stiletto™ [Boston Scientific, Natick, MA, USA]) 
approach the myocardium from within the left 
ventricular chamber (the 'transendocardial 
approach*), which is accessed crossing the aortic 
valve in a retrograde fashion, much as is done 
during routine left heart catheterizations. 
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Two of these transendocardial devices — the 
MyoCath™ (Figure 1) and the Myostar™ 
(Figure 2) — are so-called integrated systems, 
in which the core and support catheters are 
joined to form a single unit. These two devices 
are manipulated through a combination of 
axial rotation and deflection of the distal aspect 
(the latter under a separate control mechanism 
capable of inducing up to 180° of flexion). With 
the tip of the device in contact with the endo- 
cardium, the core catheter is advanced, forcing 
a straight needle to a controlled intramyocar- 
dial depth (3-8 mm). The integrated design 
provides a relatively simple mechanism for 
navigation and repeated injections. However, 
there is no guide-wire lumen in either and they 
must be advanced from the femoral artery and 
across the aortic valve using the same naviga- 
tion mechanisms that guide the device within 
the ventricular chamber. 

The other two transendocardial devices — 
the Helix™ (Figure 3) and the Stiletto™ 
(Figure 4) — are not integrated: the core cath- 
eter is a physically separate device that can be 
inserted and removed in its full length sepa- 
rately from the support catheters. The latter are 
constructed, and approved, for use as vascular 
guiding catheters. Directional control within 
the left ventricle is effected by manipulation 
of a single, deflectable catheter (the Helix™) 
or of two preshaped support catheters (the 
Stiletto™). Two features are unique to these two 
devices: the ability to insert the support cathe- 
ters into the ventricle over a guide wire, and the 
configuration of the injection needles, which 
in one case is helical and in the other is spring 
loaded. The helical design, based on pacemaker 
lead technology, may be advantageous with 
regard to stability of the needle tip during injec- 
tion. The spring-loaded needle of the Stiletto™ 
device is set to a fixed depth (3.5 mm) and may 
be more able to penetrate fibrotic tissue. As with 
integrated devices, the coordinated movement 
of support catheters and core elements enables 
multiple, topographically distinct injections 
throughout the left ventricle. 

The fifth catheter listed in Table 1, the 
TransAccess Delivery System™ (Medtronic 
Vascular, Santa Rosa, CA, USA) (Figure 5) is 
unique among the intramyocardial devices 
in approaching the myocardium through the 
epicardial surface. To achieve this, a support 
catheter is positioned in specific branches 
of the cardiac venous system, by way of the 







Figure 1 MyoCath™ catheter for intramyocardial delivery of cells. An 
integrated-device with control mechanisms for needle movement from 
withdrawn (A) to extended (B) position, as well as for tip movement from 
straight (C) to deflected (D) position. Image courtesy of Bioheart Inc., Sunrise, 
FL, USA. 



! >v 




Figure 2 Myostar™ catheter for intramyocardial delivery of cells. An 
integrated-device with similar control mechanisms (A) as noted in Figure 1, 
but with endocardial (NOGA) mapping capability. The sensor is contained 
within the distal tip of the catheter (B), through which the injection needle is 
extended. Image courtesy of Biologies Delivery Systems, Diamond Bar, 
CA, USA. 



femoral vein. An intravascular ultrasound 
probe contained within the support catheter 
makes it possible to localize the adjacent coro- 
nary artery and pericardium. With these struc- 
tures used as landmarks, the coronary vein is 
punctured with a small-caliber needle, and 
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Figure 3 The Helix™ catheter for intramyocardial delivery of cells. A non- 
integrated system with an independent deflectable guide catheter (A) and 
removable helical-shaped-needle injection catheter (B). Image courtesy of 
BioCardia Inc., South San Francisco, CA, USA. 




Figure 4 The Stiletto™ catheter for 
intramyocardial delivery of cells. A nonintegrated 
system with two independently configured guide 
catheters and a removable spring-loaded needle. 
As shown here, the needle is extended beyond 
the flat surface of the core injection component. 
Image courtesy of Boston Scientific, Natick, 
MA, USA. 



through this an injection catheter is passed 
into the ventricular wall through its epicardial 
surface. The injection catheter can be advanced 
for several centimetres along a trajectory within 
the wall. In this respect it more closely resem- 
bles surgical injection techniques than do other 
intramyocardial devices. 

Adjunctive imaging for catheter guidance is 
incorporated into the Myostar™ system. 11 Using 
electromechanical signal detection, a baseline 
3-dimensional endocardial map (NOGA™, 
Biologies Delivery Systems) can be created; this 
map is color-coded to delineate regions of viable, 
ischemic myocardium (for an example of such a 
map, see Opie etal?^ in this issue). Target areas 
can be precisely identified and electronically 
marked with each injection. Extensive experi- 
ence with this system has been accumulated in 
both preclinical and clinical studies. 24,25 

Other differences between the five devices 
relate to the needle composition (stainless 
steel or nitinol), and method of activation (i.e. 
manual or spring loaded). The relative merits 
of each design feature are not established. 

Whether the ease of use of one-piece, inte- 
grated systems outweighs the versatility of inde- 
pendently controlled systems, whether the level 
of precision provided by devices with enhanced 
guidance mechanisms is necessary for effective 
delivery, and whether specific needle designs 
facilitate delivery and augment retention of cells 
are questions still open to debate. In the future, 
the selection of intramyocardial device may well 
be found to depend on the underlying myocar- 
dial disease. We are presently conducting studies 
to address this question. 

In the US, all the devices listed in Table 1 are 
classified as having investigational status for 
intramyocardial injection; one (Myostar™) 
has CE marking (certifying conformity with 
the standards of the European Union and the 
European Free Trade Association) for this 
purpose. One of the guide catheters (Morph™, 
BioCardia) and a transvenous access catheter, 
similar to the TransAccess Delivery System™ 
but larger in caliber (Pioneer™, Medtronic 
Vascular, Santa Rosa, CA, USA) are approved 
by the FDA for use in treating peripheral 
vascular disease. 

Intracoronary infusion 

The other method by which cells have been 
administered in clinical trials is intracoronary 
infusion. The underlying rationale is both 
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Figure 5 TransAccess Delivery System™ catheter for intramyocardial delivery of cells. A nonintegrated 
system. (A) The full system with the proximal connection for the intravascular ultrasound component 
(IVUS, colored black). (B) The distal catheter tip, with the internal intravascular ultrasound imaging 
element (IVUS) and the extended needle and injection catheter (core). Image courtesy of Medtronic 
Vascular Systems, Santa Rosa, CA, USA. 



biologic and pragmatic. The biologic goal is to 
amplify cell trafficking to ischemic myocardium, 
raising it above the levels known to occur after 
both acute and chronic coronary occlusion. 
' Acute coronary occlusion and STEM I lead to 
immediate, irreversible effects on myocardial 
function within the distribution of the infarct- 
related artery. Further deterioration of myocar- 
dial function can extend beyond the borders of 
the infarction, observed weeks or months after 
the acute event, in a process known as remod- 
eling. The clinical consequences of remodeling 
are profound, leading to further deteriora- 
tion of left ventricular function and conges- 
tive heart failure. Remodeling is believed to be 
due, in part, to 'demand' myocardial ischemia 
and myocyte apoptosis of the peri-infarction 
regions. Immediately after acute coronary 
occlusion, vascular progenitor cells are released 
from bone marrow, enter the peripheral circu- 
lation, and home to the site of myocardial 
injury, 26 where they promote the development 
of neovasculature and are incorporated into 
it. However, the scale of this process appears 
to be small in the clinical setting of STEML 27 
Interventions that increase the level of neovas- 
cularization, such as through the administra- 
tion of vascular progenitor cells, might mitigate 
the remodelling process. 28 

Patients with chronic coronary occlusions, 
myocardial ischemia, and refractory angina 
are also underserved by intrinsic levels 
of angiogenesis. They have been the focus of 



numerous trials of gene therapy 29 and other 
novel therapies 30 and may benefit from 
increased levels of vascular progenitor cells in 
regions of chronic ischemia. 29 

There are also pragmatic reasons for intra- 
coronary cell administration. Because diseased 
myocardial tissue retains a blood supply, irre- 
spective of the nature or extent of disease, 
vascular pathways are identifiable by angio- 
graphy. Cells injected into proximal coronary 
segments can be distributed to large regions of 
myocardium. Alternatively, infusion into specific 
branch vessels, such as infarct- related arteries, 
could utilize methods common to percutaneous 
coronary interventions (PCI) and familiar to 
interventional cardiologists. 

From the preceding discussion, it follows 
that the efficacy of intracoronary adminis- 
tration depends on specific properties of the 
cell preparation and on coronary anatomy. 
Cells used for intracoronary infusion must 
be capable of transendothelial migration to 
perivascular spaces, as noted previously. Cell 
preparations that are viscous or in which the 
cell diameters are large may not be suitable 
for intracoronary infusion, due to the risk of 
microvascular obstruction and myocardial 
ischemia. 31 Additionally, myocardial targets 
must be supplied by well-defined vascular 
channels readily accessed by delivery catheters. 
While these requirements are ideally suited to 
patients with post-PCI STEMI, they may not be 
met in patients with chronic occlusive coronary 
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| Table 2 Some published clinical trials using over-the-wire balloon catheters. 



Reference 



Disease 



Cells injected 



Catheter (supplier) 



Number Type 



Infusion 

regimen 8 

(min) 



Assmus et a/. 13 STEMI 2.4x 10 8 BMMC, CPC OpenSail™ (Guidant Corp., 
| 1 0 x 1 0 6 Indianapolis, IN, USA 



Wollertefa/. 14 STEMI 2.5x10 9 BMMC 



Concerto™ (Occam International 
BV, Eindhoven, the Netherlands) 



Bartuneker a/. 41 STEMI 12.4x10 6 BM-derived Maverick™ (Boston Scientific, 

CD133 + Natick, MA, USA) 



Janssensefa/. b STEMI 3x10 8 



BMMC 



Maverick™ (Boston Scientific) 



3x3 

5x2.5-4 

3x2-3 

3x2-3 



a N umber of infusions x duration of each infusion. b Janssens S et al. Intracoronary autologous bone marrow cell transfer 
after myocardial infarction: a double-blind, randomized, and placebo-controlled clinical trial. Presented at the 2005 Scientific 
Sessions of the American College of Cardiology 2005, Orlando, FL, USA, March, 2005. BM, bone marrow; BMMC, bone 
marrow mononuclear cells; CPC, circulating progenitor cells; STEMI, ST-elevation myocardial infarction. 



disease, in whom ischemic areas are fed solely 
by collateral vessels, often arising from arteries 
afflicted with obstructive disease. 

Clinical trials that have delivered cells by 
intracoronary infusion have done so through 
coronary balloon angioplasty catheters. Such 
catheters are well suited for this purpose, given 
the ease with which they can be positioned into 
selected coronary branches. The two features 
of balloon-dilating catheters that bear on their 
utility in delivering cells are the central (core) 
lumen and the expandable balloon. In 'over- 
the-wire 1 devices, unlike 'monorail' devices, 
the central wire extends the full length of the 
catheter. After positioning of the catheter, the 
guide wire can be withdrawn from the lumen, 
leaving it to function as a conduit for injection 
into the distal coronary bed. Furthermore, to 
prevent cell washout by antegrade blood flow 
and to increase the dwell time (the time during 
which the injected cells remain undisturbed 
by the resumption of blood flow), occlusive 
balloon inflation is initiated just before distal 
injection of the cell suspension and continued 
for up to 5 min or until the onset of clinically 
important ischemia. So far, catheters that lack 
the ability to obstruct coronary flow proximal 
to the site of cell injection have not been used 
in clinical trials. 

Several commercially available over-the-wire 
balloons have been used in this way in clinical 
trials (Table 2). It is important to note that no 
balloon angioplasty catheter has received regu- 
latory approval specifically for cell infusion, 
even though all are made of biologically inert 
materials and are unlikely to adversely affect 
cell survival or function. 



COMPARISON OF DELIVERY TECHNIQUES 

The intramyocardial and intracoronary delivery 
techniques each have their own distinct advan- 
tages and limitations. Intracoronary procedures 
are performed extensively for the treatment of 
coronary artery disease, and any modifications 
specific to cell infusions would be easily inte- 
grated into such procedures. Intramyocardial 
procedures would require additional opera- 
tional training, albeit with devices that are not 
complex. Moreover, the facility with which cells 
reach the extravascular compartment from 
an intracoronary injection may differ consid- 
erably from one cell population to another. 
Intramyocardial administration overcomes this 
problem by circumventing the vascular barrier. 

Early studies have compared the two tech- 
niques, either directly or with surgically applied 
injections. 32 The retention of cells is poor 
by either route of administration, 32 ' 33 with 
fewer than 10% of the injected cells detect- 
able after 24 h. These studies were conducted 
in normal 32,33 or recently infarcted 34 myocar- 
dium, and their applicability to myocardium 
with chronic fibrosis is questionable. Retention 
of cellular or other biologic agents is low by 
every implantation method thus far tested, 
including surgical implantation. Solutions to 
this problem may be found in products that 
combine cells with agents more adhesive to 
resident tissue. 35 

CONCLUSION 

The field of cell-based therapy for cardiovas- 
cular disease is at an early stage. The catheters 
described in this article are well-designed, user- 
friendly devices that have demonstrated their 
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capability of delivering cells to the heart. In 
both animal and clinical studies, their safety 
profiles have been excellent — an especially 
noteworthy achievement for the intramyocar- 
dial devices, which are complex to construct 
and require needle puncture for access to the 
ventricular wall. 

Important questions remain regarding catheter- 
based cell delivery; the catheter systems 
described here require further characterization. 
Balloon-dilating catheters were not designed 
(and have not been approved) for the adminis- 
tration of therapeutic agents. Though unlikely 
to pose significant problems to cell function 
and viability, each should undergo preclinical 
testing before use in clinical studies. Direct 
intramyocardial delivery catheters, on the other 
hand, were essentially developed in parallel 
with cell products 36,37 and consequently have 
had to undergo extensive biocompatibility 
testing. Despite the poor retention of cells 
injected by either route of administration, both 
compare favourably with the cell retention 
obtained by direct transepicardial implantation 
at surgery. 

Standards have not been developed for testing 
and comparing the physical attributes of delivery 
catheters, or for their efficacy in delivering cells. 
We feel it important to conduct such evaluations 
in order to define their respective performance 
ranges. Our group is analyzing certain of these 
characteristics, as well as the physical properties 
of diseased myocardium, and believe the results 
will be pertinent to the design, conduct, and 
interpretation of future clinical studies. 

Catheters used in clinical trials are sophisti- 
cated and, from the standpoint of cell delivery, 
early-generation devices. Whether by refining 
current designs, or by combining them in 
novel ways with other technologies, 38 or by 
developing techniques that pursue entirely 
new approaches, 39,40 significant advances in 
the efficacy of cell delivery will be made in the 
coming years. 
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SUMMARY 



There are several strategies for cell delivery in cardiac stem cell therapy. 
The cells can be delivered through coronary arteries, coronary veins, or 
peripheral veins. Alternatively, direct intramyocardial injection can be 
performed, using a surgical, transendocardial, or transvenous approach. 
In this article, we describe the most important conceptual aspects and the 
evidence for the use of these techniques, with emphasis 
on intramyocardial injections. 

KEYWORDS cardiac stem cell therapy, delivery technique, 
intramyocardial injection 



INTRODUCTION 

The main objective of any mode of stem cell 
delivery is to achieve the ideal concentration 
of cells needed to repair the injured myocar- 
dial region with the lowest risk to patients. 
Therefore, cell-delivery strategies must take 
into account the clinical setting and local 
milieu, because stem cells may perform differ- 
ently according to local signaling. The cardiac 
environment may also help to determine the 
degree of cell retention. 

Stem cells can be delivered through coronary 
arteries, coronary veins, or peripheral veins. 
Alternatively, direct intramyocardial injection can 
be performed using a surgical, transendocardial, 
or transvenous approach. A delivery strategy may 
involve mobilization of stem cells from the bone 
marrow using cytokine therapy, with or without 
peripheral harvesting. Here, we briefly review the 
main delivery strategies, with particular emphasis 
on intramyocardial injection, which we believe to 
be the most promising technique. 
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STEM CELL MOBILIZATION 

In humans, mobilization of progenitor cells 
from the bone marrow occurs after acute 
myocardial infarction (AMI), suggesting a 
natural attempt at cardiac repair. 1,2 Therapeutic 
mobilization of bone marrow progenitor 
cells after AMI would, in theory, amplify the 
existing healing response. Mobilization of these 
progenitors is an attractive strategy because it is 
simple and would obviate the need for invasive 
harvesting or delivery procedures. However, 
safety concerns have been raised about 'off label' 
application (e.g. in severe chronic ischemic 
heart disease), 3 because of the possibility of 
adverse events in a different patient popula- 
tion, as well as a theoretical concern about 
tumorigenesis. Additionally, in one clinical trial 
of bone-marrow-cell transfer after AMI, 4 an 
increase in the rate of re-stenosis was observed, 
which may have been related to the increased 
availability of inflammatory cells to a recently 
injured, still-healing coronary artery. 
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TRANSVASCULAR CELL DELIVERY 

Peripheral (intravenous) infusion of stem cells, 
as performed in bone marrow transplants, would 
be a convenient way of delivering cells. A study 
in a mouse model has confirmed that, when 
infused into the peripheral circulation, human 
bone marrow cells home to peri-infarct areas. 5 
However, only a few cells reach the affected area, 6 
and the technique would be most applicable only 
after AMI, because it would rely on physiologic 
homing signals alone. Moreover, peripher- 
ally infused stem cells home to infarcted areas 
only when injected within a few days of AMI, 
so this delivery strategy is less useful for treating 
chronic myocardial ischemia. The major draw- 
back of intravenous cell delivery would be failure 
to reach the desired destination due to trapping 
of the cells in the microvasculature of the lungs, 
liver, and lymphoid tissues. 

Infusion of stem cells through the coronary 
venous system (coronary sinus) under high pres- 
sure has been achieved in experimental models. 7 
In this procedure, the coronary sinus is cannu- 
lated and an angioplasty balloon is advanced 
into the great cardiac vein. The balloon is posi- 
tioned in the selected cardiac vein, depending 
on the territory to be treated. After balloon 
inflation, with consequent flow interruption 
in the coronary venous system, the cell infu- 
sate is delivered under high pressure through 
the lumen of the balloon catheter. This delivery 
mode supposedly provides a broad and uniform 
distribution of cells. Its limitations include the 
lack of specific targeting of a myocardial area 
(when such targeting is desirable) and the vari- 
ability and tortuosity of the coronary venous 
system, which can make accessing certain 
myocardial veins difficult or impossible. 

Intracoronary infusion is the most popular 
mode of cell delivery in the clinical setting, 
especially after AMI. 4,8 "* 11 Stem cells delivered 
4-9 days after AMI are associated with a good 
safety profile. The technique is similar to that 
used for coronary angioplasty, which involves 
over-the-wire positioning of an angio- 
plasty balloon in one of the coronary arteries. 
The coronary blood flow is then stopped for 
approximately 2-4 min while the stem cells 
are infused under pressure. This maximizes 
contact between stem cells and the microcir- 
culation of the infarct-related artery, thereby 
optimizing 'homing time'. Again, this delivery 
technique would be suitable only in the setting 
of acute ischemia after adhesion molecules and 



cytokine signaling are temporarily upregulated. 
Although intracoronary infusion is widely 
used, this method of delivery lacks a strong 
experimental background with regard to safety 
and efficacy. 

INTRAMYOCARDIAL INJECTION 

Intramyocardial injection, which can be carried 
out through the epicardium, endocardium, or 
coronary vein, is performed in chronic myocardial 
ischemia. 12 "" 22 In this technique, a preparation of 
cells is introduced into the myocardium under 
pressure using a hollow needle. This is the preferred 
delivery route in patients with chronic total occlu- 
sion of coronary arteries and in clinical settings 
that involve weaker homing signals, such as chronic 
congestive heart failure. In theory, it should be the 
most suitable route for delivering larger cells, such 
as skeletal myoblasts and mesenchymal stem cells, 
which can plug capillaries. 

Transepicardial injection 

Transepicardial delivery of stem cells is the most 
commonly used technique in cardiac stem cell 
therapy. It has been performed during open- 
surgical revascularization procedures in which 
cells are injected into infarct border zones or 
areas of infarcted or scarred myocardium under 
direct visualization. 12 " 15 This approach requires 
sternotomy and, being highly invasive, is associ- 
ated with significant surgical morbidity. However, 
in a planned open-heart procedure, the ancillary 
delivery of cell therapy in this fashion can be easily 
justified. One important advantage of this tech- 
nique is that it can provide a high level of cells 
per unit area injected. Nonetheless, not all areas of 
the myocardium (e.g. the septum) can be reached 
using a direct external approach. 16 The safety of 
direct injection in AMI has not been tested. 

Transendocardial injection 

Transendocardial injection is performed using 
a percutaneous femoral approach. Once an 
injection-needle catheter has been advanced 
in retrograde fashion across the aortic valve 
and positioned against the endocardial surface, 
cells can be injected directly into any area of 
the left ventricular wall. Two catheter systems 
are currently available for transendocardial cell 
delivery: the Stiletto™ (Boston Scientific, Natick, 
MA, USA) and the Myostar™ (Cordis Corp., 
Warren, N J, USA). 

The Stiletto™ catheter (see Sherman et alP 
[Figure 4] in this issue) is guided fluoroscopically, 



GLOSSARY 

OVER-THE-WIRE 

POSITIONING 

Technique in which the 
angioplasty balloon passes 
over the whole length of the 
guide wire, which enters 
at the distal orifice of the 
catheter and exits at the 
proximal one 
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GLOSSARY 
GATED 

In the case of the NOGA 
system, conected to or 
coordinated with a surface 
electrocardiogram so that 
all the points are acquired 
at the same point in the 
cardiac cycle 



usually in two planes. It has the essential draw- 
back of a 2-dimensional orientation and the 
inherent lack of precision associated with fluoro- 
scopy. Another limitation is that it does not 
adequately show the underlying or target 
myocardium. It has been coupled, in preclinical 
experiments, with real-time cardiac magnetic 
resonance imaging, which permits 3-dimensional, 
online assessment of the full -thickness myocar- 
dium and perfusion. This technology is still 
under investigation; few preclinical studies have 
been performed, 17 and no safety data have been 
assessed in humans. Nevertheless, it is promising 
for use in association with other imaging tech- 
nologies or when myocardial therapy does not 
need to be targeted. 

The NOGA system (Cordis Corp.) is a 
catheter-based electromechanical system for 
intramyocardial navigation and mapping (for 
an example of such a map, see Opie and Dib 24 
in this issue). This technique uses ultralow 
magnetic fields generated by a triangular 
magnetic pad positioned beneath the patient. 
The magnetic fields intersect with a location 
sensor proximal to the deflectable tip of the 
mapping catheter, which helps determine the 
real-time location and orientation of the cath- 
eter tip inside the left ventricle. The NOGA 
injection catheter (Myostar™) (see Sherman et 
a\P [Figure 2] in this issue) takes advantage of 
nonfluoroscopic magnetic guidance. Injections 
take place inside a 3-dimensional left ventricular 
electromechanical map, which represents the 
endocardial surface of the left ventricle. The 
map is constructed by acquiring a series of 
points at multiple locations on the endocardial 
surface, which are gated to a surface electrocar- 
diogram. The NOGA system uses an algorithm 
to calculate and analyse the movement of the 
catheter tip or the location of an endocardial 
point during systole and diastole. That move- 
ment is then compared with the movement of 
neighboring points in the area of interest. The 
resulting (linear local shortening [LLS]) value 
is expressed as a percentage and represents 
the degree of mechanical function of the left 
ventricular region at that endocardial point. 
Data are obtained only when the catheter tip is 
in stable contact with the endocardium; contact 
is determined automatically. 

The mapping catheter also incorporates elec- 
trodes that measure endocardial electrical signals 
(unipolar or bipolar voltage). Voltage values 
are assigned to each point acquired during left 



ventricular mapping, and an electrical map is 
constructed concurrently with the mechanical 
map. Each data point has an LLS value and a 
voltage value. When the map is complete, all 
the data points are integrated by the NOGA 
workstation and presented in a 3-dimensional, 
color-coded reconstruction of the endocardial 
surface, as well as 9- and 12-segment bull's-eye 
views that show average values for the LLS and 
voltage data in each myocardial segment. These 
maps can be spatially manipulated in real time 
on a Silicon Graphics (Mountain View, CA, 
USA) workstation. The 3-dimensional repre- 
sentations acquired during the cardiac cycle can 
also be used to calculate left ventricular volumes 
and ejection fraction. 

The electromechanical map thus provides a 
3-dimensional platform in which the catheter 
can navigate the left ventricle and provide the 
necessary orientation for transendocardial 
injection, as well as a diagnostic platform that 
can distinguish between ischemic areas (with 
low LLS [<8%] values and preserved unipolar 
voltage [>6.9mV] and areas of infarct (with 
low LLS (<8%) values and low unipolar voltage 
(<6.9mV). Moreover, the Myostar™ catheter 
allows assessment of myocardial viability at each 
specific injection site, where the catheter touches 
the endocardial surface. The operator therefore 
has the ability to target therapy to viable tissue 
(e.g. in chronic ischemia, where neoangiogenesis 
may have an important role) or nonviable tissue 
(e.g. an area of scarred tissue). Because of the 
patchy nature of myocardial involvement in 
human ischemic heart disease, the ability to 
distinguish underlying tissue characteristics is 
important in cell delivery. This technology has 
been widely tested in both animals and humans 
and has an excellent safety profile. 16 "" 19 

Trans-coronary- venous injection 

Trans-coronary- venous injection is performed 
using a catheter system that is placed percuta- 
neously into the coronary sinus. Initial studies 
have confirmed the feasibility and safety of this 
approach in porcine models. 16 This delivery 
method has also been used to deliver skeletal 
myoblasts to scarred myocardium in patients with 
cardiomyopathy. 21 It uses intravascular ultra- 
sound guidance, which enables the operator to 
extend a catheter and needle away from the peri- 
cardial space and coronary artery into the adja- 
cent myocardium. To date, feasibility studies have 
shown a good safety profile for this technique. 16 
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Preliminary data suggest that the efficiency of 
acute retention (cells remaining in the myocar- 
dium in the first hours after injection) using this 
transvenous method with fluoroscopic guidance 
is superior to that of endoventricular approaches 
guided by electromechanical mapping. 22 The 
limitations of this technique are similar to those 
mentioned above, regarding the restrictions asso- 
ciated with the tortuosity of coronary veins and 
the lack of site-specific targeting, but also include 
the fact that this may be one of the more tech- 
nically challenging delivery modes. Unlike the 
transendocardial approach, in which cells are 
injected perpendicularly into the left ventricular 
wall, the trans-coronary- venous approach allows 
parallel cell injection, which may result in greater 
cell retention. 

CONCLUSION 

There are various modalities for cell delivery 
in cardiac stem cell therapy. Cells may be deliv- 
ered by means of direct surgical injection, intra- 
coronary infusion, retrograde venous infusion, 
transendocardial injection, and peripheral 
infusion. Each technique has its own peculiari- 
ties, and so the choice of the modality should 
be based on the clinical scenario in which we 
find ourselves. 
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Cell Transplantation 

Catheter-Based Intramyocardial 

Injection of Autologous Skeletal Myoblasts 

as a Primary Treatment of Ischemic Heart Failure 

Clinical Experience With Six-Month Follow-Up 

Pieter C. Smits, MD, PhD,* Robert-Jan M. van Geuns, MD, PhD,| Don Poldermans, MD, PhD,* 
Manolis Bountioukos, MD,* Emile E. M. Onderwater,* Chi Hang Lee, MD,* Alex P. W. M. Maat, MD,* 
Patrick W. Serruys, MD, PhD* 
Rotterdam^ The Netherlands 

OBJECTIVES We report on the procedural and six-month results of the first percutaneous and stand-alone 
study on myocardial repair with autologous skeletal myoblasts. 

BACKGROUND Preclinical studies have shown that skeletal myoblast transplantation to injured myocardium 
can partially restore left ventricular (LV) function. 

METHODS In a pilot safety and feasibility study of five patients with symptomatic heart failure (HF) after 
an anterior wall infarction, autologous skeletal myoblasts were obtained from the quadriceps 
muscle and cultured in vitro for cell expansion. After a culturing process, 296 ±199 million 
cells were harvested (positive desmin staining 55 ± 30%). With a NOGA-guided catheter 
system (Biosense- Webster, Waterloo, Belgium), 196 ± 105 million cells were transendocar- 
dially injected into the infarcted area. Electrocardiographic and LV function assessment was 
done by Holter monitoring, LV angiography, nuclear radiography, dobutamine stress 
echocardiography, and magnetic resonance imaging (MRI). 

RESULTS All cell transplantation procedures were uneventful, and no serious adverse events occurred 

during follow-up. One patient received an implantable cardioverter-defibrillator after trans- 
plantation because of asymptomatic runs of nonsustained ventricular tachycardia. Compared 
with baseline, the LV ejection fraction increased from 36 ± 11% to 41 ± 9% (3 months, p = 
0.009) and 45 ± 8% (6 months, p = 0.23). Regional wall analysis by MRI showed 
significandy increased wall thickening at the target areas and less wall thickening in remote 
areas (wall thickening at target areas vs. 3 months follow-up: 0.9 ± 2.3 mm vs. 1.8 ± 2.4 mm, 
p = 0.008). 

CONCLUSIONS This pilot study is the first to demonstrate the potential and feasibility of percutaneous 
skeletal myoblast delivery as a stand-alone procedure for myocardial repair in patients with 
post-infarction HF. More data are needed to confirm its safety. (J Am Coll Cardiol 2003; 
42:2063-9) © 2003 by the American College of Cardiology Foundation 



Cell transplantation is emerging as a potential novel thera- 
peutic approach for the treatment of heart failure (HF). 
Initial studies with different cell types have shown promis- 
ing results of cell transplantation in ischemic animal models. 

See page 2070 



Most preclinical experience has been reported on transplan- 
tation of skeletal myoblasts in infarcted myocardium. These 
studies demonstrated that transplanted skeletal myoblasts in 
damaged myocardium are capable of cellular engraftment, 
myotube formation, expression of the slow fiber marker 
beta- myosin heavy chain, long-term graft survival, and 
augmentation of ventricular function (1-6). As a result of 
the outcomes of these animal studies, a pilot safety and 
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feasibility study on percutaneous transplantation of autolo- 
gous skeletal myoblasts by transendocardial injection as a 
stand-alone procedure in five patients with ischemic HF 
was completed. We report on the procedural and six-month 
follow-up results. 

PROCEDURE 

Objectives. The primary objectives of this pilot study are 
feasibility and safety at six months. The secondary objective 
was to assess improvement of the left ventricular (LV) 
function by iterative investigations at baseline and one, 
three, and six months. The protocol was approved by the 
local medical ethics committee, and written, informed 
consent was obtained from all patients. 
Patient selection. Only symptomatic patients with New 
York Heart Association functional class ^11 under optimal 
medical therapy were selected. All patients were known to 
have a previous anterior wall myocardial infarction and 
depressed LV function (left ventricular ejection fraction 
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Abbreviations and Acronyms 



DSE 


= 


dobutamine stress echocardiography 


ECG 




electrocardiogram 


HF 




heart failure 


ICD 




implantable cardioverter-defibrillator 


LAO 




left anterior oblique 


LV 




left ventricle/ventricular 


LVEF 




left ventricular ejection fraction 


MRI 




magnetic resonance imaging 


NSVT 




non-sustained ventricular tachycardia 


RAO 




right anterior oblique 


TDI 




tissue Doppler imaging 



[LVEF] between 20% and 45% by radionuclide radiogra- 
phy). Myocardial infarction had to be >4 weeks old at the 
time of implantation. The presence and location of a 
myocardial scar were defined by: akinesia or dyskinesia at 
rest during echocardiography, LV angiography, and mag- 
netic resonance imaging (MRI); no contractile reserve 
during dobutamine stress echocardiography (DSE); and 
hyperenhancement by gadolinium on the MRI scan. Exclu- 
sion criteria for myoblast injections were: target region wall 
thickness <5 mm by echocardiography or MRI; a history of 
syncope or sustained ventricular tachycardia or fibrillation or 
(potential candidate for) implantable cardioverter- 
defibrillator (ICD) placement; and positive serologic test 
results for human immunodeficiency virus, hepatitis B or C, 
or syphilis. 

Muscle biopsy. Biopsy of the quadriceps muscle was done 
under local anesthesia. On average, 8.4 g (range 5 to 13 g) 
of muscle biopsy was excised through a 10-cm-long surgical 
incision. All five biopsy procedures were uneventful and 
done on an outpatient basis. Biopsies were placed in a bottle 
containing a proprietary solution designed to preserve the 
biopsy during controlled shipment. The botde was put in an 
insulated thermobox with frozen and refrigerated gel packs 
to maintain temperatures between 2°C and 8°C during 
transit. The transport conditions were monitored by the use 
of a programmable temperature monitor (Sensitech, Bev- 
erly, Massachusetts). The container was sent to clinical 
Good Manufacture Practice (BioWhittaker, Cambrex 
Corp., Walkersville, Maryland) for myoblast cell isolation 
and expansion. The average transit duration was 41 h (range 
35 to 50 h); no temperature excursions were noted. 
CeU-culturing process. On receipt at the culturing facility, 
the biopsies were processed according to the Myocell 
protocols by Bioheart Inc. The biopsy was minced finely and 
then dissociated using digestive enzymes. The dissociated 
tissue was washed several times and filtered until a single- 
cell suspension was achieved. The expansion culture was 
initiated when the cells were plated into sterile tissue culture 
flasks in growth media for skeletal muscle myoblasts. The 
media were changed at regular intervals; the cells were 
harvested and replated according to cell confluence param- 
eters. Final harvest was done after three to five passages. 
Myoblasts were identified using an immunohistochemical 



marker specific for desmin (DAKO) to identify cells com- 
mitted to a myogenic differentiation. Specific cell lot release 
specifications (cell viability, cell identity, and sterility tests) 
were established before the start of the trial, which, if not 
met, would result in a re-biopsy of the patient and re- 
initiation of the culture process. In three patients a re-biopsy 
was required due to the desmin staining results falling below 
the lot release criteria. In these patients, a prestimulation 
procedure was performed using multiple needle punctures of 
the muscle three days before the biopsy procedure to 
increase the percentage of myoblast cells in the muscle 
biopsy (7). 

After a culturing period of 17 days (range 14 to 19 days), 
the harvested cells were formulated in a specially designed 
transport/injectate media and transferred into a sterile 
30-ml bag and sent to our hospital. Shipment was done 
under the same controlled conditions as after biopsy. The 
transit time averaged 62 h (range 24 to 96 h), and no 
temperature excursions were noted. The cells have been 
validated for having a 96-h shelf life under controlled 
conditions. 

Transplantation procedure. The transplantation proce- 
dure was scheduled the day after arrival of the cells. Cell 
transplantation was done in the cardiac catheterization 
laboratory. Access was obtained through the femoral artery, 
and 100 IU/kg heparin was given. The target activated 
clotting time was between 250 s and 300 s and was regularly 
checked every half hour. After a coronary and biplane LV 
angiogram (left anterior oblique [LAO] 60° and right 
anterior oblique [RAO] 30°) was obtained, an outline of the 
LV chamber was drawn on transparent tabloids that were 
taped to the fluoroscopy monitors. Then an electromechan- 
ical NOGA map (8) of the LV was obtained using a 7F 
NOGASTAR catheter (F-curve) connected to the NOGA 
console (Biosense-Webster, Waterloo, Belgium). Areas ex- 
hibiting low voltages and linear local shortening (unipolar 
voltage <4 mV and linear local shortening <4%) on the 
NOGA map were considered as the target areas of treat- 
ment if these areas were geographically concordant with the 
scar areas assessed by the preprocedural DSE, MRI, and LV 
angiogram. We refrained from transendocardial injections 
into areas with a known wall thickness <5 mm by MRI. 
With an 8F MYOSTAR (Biosense-Webster) injection 
catheter, 16 ± 4 (mean ± SD; range 9 to 19) transendo- 
cardial injections were made. The catheter has nitinol 
tubing that ends in a 27-gauge retractable needle. Depend- 
ing on the average wall thickness of the target region, the 
needle length was set at 4.5 to 6.0 mm when the catheter tip 
had a 90° curve. By connecting a 1-ml Luer-Lok syringe to 
the injection port, the catheter was preloaded with the 
skeletal myoblast solution. After establishing stable endo- 
myocardial contact on the NOGA map and fluoroscopy, the 
needle was advanced manually, which often caused ventric- 
ular extra beats. Whenever a regular electrocardiographic 
(ECG) rhythm resumed with persisting, stable endomyo- 
cardial contact, injections of 0.3 ml (16.6 million ceDs) were 
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Figure 1. NOG A maps (left = unipolar voltage maps; right = linear local shortening maps) in the right anterior oblique (top) and anteroposterior 
(bottom) views of Patient no. 2 after 19 injections with autologous skeletal myoblasts in the anteroseptal and anterior myocardial scar and border zone. The 
myocardial scar is indicated in red on the unipolar voltage map (<6 mV) and on the local linear shortening map (<2%). The black dots indicate the 
transendocardial injection sites. 



made. Only the first patient received 0.1 -ml injections (2.5 
million cells) because of the limited volume of myoblast 
solution. Injection sites were marked on the NOGA map 
(Fig. 1) and the transparent tabloids. Spacing between 
injection sites was approximately 1.0 cm apart. After the 
injection procedure, a control biplane LV angiogram was 
obtained. Afterward, patients were ECG monitored for 
18 h, and cardiac enzymes were checked twice at 6- to 8-h 



intervals. In all five cases, the in-hospital stay was unevent- 
ful, and the patients were discharged within 24 h after the 
procedure. 

Methods of assessment. At baseline and one, three, and 
six months of follow-up, 24-h ambulant ECG monitoring 
and DSE with pulsed- wave tissue Doppler imaging (TDI) 
were done. The DSE and TDI procedures were performed 
with a Hewlett-Packard Sonos 5500 (Andover, Massachu- 
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Table 1. Patient and Cell Culture Characteristics 



Pt. 

No. 


Gender, 
Age (yrs) 


Previous 
Anterior AMI 
(years ago) 


NYHA 
Class 


Patent 
LAD 


Known 
Arrythmias 


Cells at 
Harvest 
X 10 6 


Cells 
Injected 
X 10 6 


Desmin 
Staining 
(%) 


Cell 
Viability 
(%) 


Potency 
(%) 


1 


F, 78 


6 


III 


Yes 


PAT runs 


25 


25 


85 


98 


90 


2 


M, 53 


3 


ii/iii 


Yes 


PAT runs 


544 


293 


12 


97 


20-40 


3 


M, 55 


11 


III/IV 


No* 


PAF, NSVT runsf 


183 


183 


54 


95 


70 


4 


M, 59 


7 


in 


Yes 


No 


211 


211 


80 


95 


100 


5 


M, 49 


2 


in 


Yes 


No 


382 


270 


44 


98 


40 



*LAD filled by collateral channels. f Asymptomatic, 8 complexes. 

AMI = acute myocardial infarction; LAD ~ left anterior descending coronary artery, NSVT = non-sustained ventricular tachycardia runs; NYHA = New York Heart 
Association; PAF = paroxymal atrial fibrillation; PAT = paroxymal atrial tachycardia. 



setts) imaging system equipped with second harmonic 
imaging to optimize endocardial border detection and 
performed as previously described (9,10). In short, after 
baseline echocardiography, dobutamine was infused at a 
starting dose of 5 /xg/kg/min for 5 min, followed by 10 
jLtg/kg/min for 5 min (low-dose stage). Dobutamine was 
then increased by 10 /xg/kg/min every 3 min up to a 
maximum dose of 40 tig/kg/min. Atropine (1 to 2 mg) was 
added at the end of the last stage if the target heart rate had 
not been achieved. Images were acquired continuously and 
recorded on tape at the end of every dose step. In addition, 
the baseline, low-dose, peak stress, and recovery images 
(standard apical and short-axis views) were displayed in a 
cine loop format. Wall motion was scored according to the 
criteria of the American Society of Echocardiography by 
two experienced reviewers blinded to the MRI data for 
systolic wall thickening. Pulsed-wave TDI was performed 
with a Hewlett-Packard Sonos 5500, and a transducer 
operating at frequencies of 1.8 or 2.1 MHz with a pulse 
repetition frequency of 45 to 60 kHz was used. Using a 
six-segment model, pulsed-wave TDI was performed close 
to the mitral ahnulus in the apical four-chamber, apical 
two-chamber, and apical three-chamber views with high 
temporal resolution (4 ± 3 ms; range 1 to 7). The depth of 
the sample volume was kept constant in each patient during 
DSE. A sample volume with a fixed length of 4 mm was 
used. The ECG and phonocardiogram were simultaneously 
recorded with the pulsed-wave TDI velocity profile and 
stored on videotape. The peak pulsed-wave TDI velocity 
amplitude of the ejection phase and early and late diastole 
were measured off-line using a computer- assisted drawing 
system, and the values were expressed in cm/s (10). Five 
consecutive beats were analyzed, and the mean velocity 
values were calculated to minimize the measurement vari- 
ability determined by respiration. The E/A ratio was also 
calculated. Cardiac cycles with extrasystolic or postextrasys- 
tolic beats or any disturbance of the rhythm were excluded. 
Recordings and measurements were repeated at baseline and 
at a low-dose (10 ttg/kg/min) dobutamine infusion rate. 

Furthermore, at baseline and three and six months of 
follow-up, the LV volume and LVEF were assessed by 
biplane LV angiography and technetium-99m-labeled 
erythrocyte radionuclide scintigraphy. Biplane LV angiog- 
raphy was done in the LAO 60° and RAO 30° projections 



with 100-ml sphere calibration in the isocenter. Quantita- 
tive analysis was performed using CAAS II software (Pie 
Medical, Maastricht, The Netherlands). Also, at baseline 
and three-month follow-up, a MRI scan of the heart was 
obtained. The studies were performed on a 1.5-T whole- 
body MRI system (Sonata, Siemens, Erlangen, Germany). 
Patients were placed in a supine position with a four- 
channel quadrature body phased-array coil placed over the 
thorax. For quantitative analysis, multiple parallel short-axis 
slices covering the heart from base to apex were obtained 
using a ECG-triggered breath-hold cine gradient-echo 
sequence. Imaging parameters were: repetition time of 3.2 
ms, echo time of 1.6 ms, and flip angle 65°, which resulted 
in a temporal resolution of 47 ms. Quantitative analysis was 
performed using standardized software (Argus Siemens, 
Erlangen, Germany). Endocardial and epicardial contours 
were traced using semi-automatic software to calculate the 
LV volumes and LVEF. Each short-axis image was divided 
into eight segments of 45°, which resulted in 64 to 80 
segments per patient, depending on the number of short- 
axis slices covering the heart from base to apex. Regional 
wall thickening was calculated for each segment by subtract- 
ing the end- diastolic wall thickness from the end-systolic 
wall thickness. Delayed contrast-elucidated MRI images 
were used to identify transmural and nontransmural infarcts 
using a three-dimensional inversion-recovered gradient 
echo sequence 15 min after injection of 0.1 mmol 
gadolinium-based contrast agent. 

RESULTS 

Baseline patient characteristics and cell-culturing results are 
summarized in Table 1. No procedural complications oc- 
curred. Only in one patient (Patient no. 5) was minor 
elevation of creatine kinase and its MB fraction (<2 times 
upper level) and troponin T (0.16 /xg/1) noted after the 
procedure. 

During follow-up, Patient no. 3 needed to be hospitalized 
at six weeks after the procedure due to progressive HF and 
long asymptomatic runs of non-sustained ventricular tachy- 
cardia (NSVT) on Holter monitoring. After recompensa- 
tion, telemetry still showed NSVT, and an ICD was 
implanted prophylactically. In the other four patients, no 
adverse events or ventricular arrhythmias were observed. 
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Global LV function results at three- and six-month 
follow-up are summarized in Table 2. Compared with 
baseline, angiographic LVEF at three months increased 
from 36 ± 11% to 41 ± 9% (p = 0.009). This increase in 
LVEF, however, was not observed by nuclear or MRI 
assessment at three-month follow-up. At six-month follow- 
up, both angiographic and nuclear LVEF assessments 
showed a trend toward increased LVEF (36 ± 11% to 45 ± 
8% [p = 0.23] and 38 ± 8% to 45 ± 11% [p = 0.07], 
respectively). 

The MRI analysis of regional wall thickening showed a 
descriptive shift toward more regional wall thickening in the 
target segments and less regional wall thickening in the 
remote hyperkinetic segments (Figs. 2 and 3). By comparing 
the marked injection sites on the NOGA map and the 
fluoroscopy sheets with the MRI segments, 87 of the 304 
MRI segments (all 5 patients) were identified as injected 
segments. Paired analysis of these injected segments showed 
significantly increased wall thickening at follow-up (0.9 ± 
2.3 mm at baseline vs. 1.8 ± 2.4 mm at 3-month follow-up, 
p = 0.008). 

In all five patients at baseline, DSE showed no signs of 
ischemia or ventricular tachycardias. Compared with base- 
line, the TDI results of the target anteroseptal and anterior 
wall showed a trend toward increased contraction velocity at 
six- month follow-up (anteroseptal wall: 5.4 ± 1.9 cm/s vs. 
6.1 ± 0.8 cm/s at rest and 8.8 ± 3.4 cm/s vs. 9.1 ± 2.5 cm/s 
at low-dose dobutamine; anterior wall: 5.2 ± 1.9 cm/s vs. 
5.9 ± 0.7 cm/s at rest and 6.7 ± 1.7 vs. 7.5 ± 1.6 cm/s at 
low-dose dobutamine). 

DISCUSSION 

Treatment of ischemic HF remains a problem. A significant 
proportion of patients with congestive HF remain symp- 
tomatic despite maximal medication. Alternative therapies, 
including surgical cardiomyoplasty, ^synchronization ther- 
apy, LV assist device, and cardiac transplantation, have their 
own indications and limitations. Cell transplantation has 
emerged as a potential new treatment strategy. Different cell 
types have been used for transplantation in initial preclinical 
experiments, but to date, most experience has been accu- 
mulated with skeletal myoblasts. There are several features 
that make skeletal myoblasts an attractive cell type for 
cardiac cell transplantation. Skeletal myoblasts can easily be 
obtained in sufficient quantity directly from the patient 
(autologous), negating the problems of organ shortage, 
ethical concerns, and immunosuppressive therapy. Skeletal 
myoblasts are relatively more resistant to ischemia than 
cardiomyocytes, thus favoring cellular engraftment within 
the ischemic or infarcted myocardium. Furthermore, the 
capillary density of infarcted myocardium resembles the 
environment in which normal skeletal muscle is obtained. 
The biopsy procedure is mildly invasive, and patients can be 
discharged within 1 h after the procedure. Although skeletal 
myoblasts are not cardiomyocytes, in vitro studies and in 
vivo observations have shown that these cells can transform 
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Figure 2. Changes in regional wall thickening for all 304 magnetic resonance imaging segments. The open and solid bars indicate the number of segments 
with wall thickening at baseline and three-month follow-up (FU), respectively. Compared with baseline, less segments showed thinning and more segments 
showed moderate thickening at three-month follow-up, and less segments with greater wall thickening were observed at that point. 



into contractile cells with expression of beta-myosin heavy 
chain, like cardiomyocytes (6,11). The major limitation, 
however, is the lack of evidence of electromechanical cou- 
pling between the grafted myoblasts and the native cardio- 
myocytes in vivo (11), as well as the potential danger of 
inducing a reentry circuit for ventricular arrhythmias by the 
formed grafted myo tubes in the scarred myocardium. It is 
known that skeletal myoblasts lose their capability to express 
major adhesion and gap junction proteins like N-cadherin 
and connexin-43, which are essential for electromechanical 
coupling, when the cells differentiate into myotubes (11). 

We report on the first five percutaneous and stand-alone 
cellular cardiomyoplasty procedures as a potential new 



treatment modality for ischemic HF. In post-myocardial 
infarction patients with LVEF <45% and symptoms of HF, 
autologous skeletal myoblasts were injected into the scarred 
myocardium by an injection catheter. No periprocedural 
complications occurred, and during a 3- to 12 -month 
follow-up period, in one case, an ICD was implanted at 2 
months based on a prophylactic indication because of 
asymptomatic NSVT runs. At three-month follow-up, in all 
five patients, a significant moderate increase in global LV 
function by LV angiography was noted. This angiographic 
LVEF improvement, however, was not consistendy ob- 
served in all patients by nuclear or MRI assessment. Because 
MRI and, to a lesser extent, radionuclide angiography have 




1 10 



% Segments 

Figure 3. Cumulative distribution of regional wall thickening segments by magnetic resonance imaging at baseline (open circles) and three-month 
follow-up (x). At follow-up, there was a descriptive shift toward less thinning and moderate thickening in the target regions and less thickening in the 
normokinetic and hyperkinetic remote areas, indicating a kind of left ventricular remodeling. 
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been recently recognized as the most reliable and accurate 
methods for assessment of LV dimensions and function 
(12,13), cellular cardiomyoplasty efficacy studies focusing on 
change in LVEF should incorporate one or both of these 
techniques. 

Regional analysis by MRI showed a significant increase in 
wall thickening at the target areas at three- month follow-up 
in all five patients. This paradox between equal global and 
improved regional LV function is probably explained by the 
remodeling of the LV, in which regional improvement of 
injected dyskinetic and akinetic segments is counterbalanced 
by less thickening of the hypercontractile remote segments, 
as seen by MRI. Potentially, less neurohormonal stimula- 
tion after treatment may also have occurred, resulting in less 
vigorous contraction of normal segments and less dyskinesia 
of infarcted segments. One of the limitations in our func- 
tional assessment is the missing information on the pulse- 
pressure double product at the different assessment time 
points. Pressure-volume loop and neurohormonal marker 
measurements in future may overcome this limitation. 
Feasibility and safety. We cannot draw firm conclusions 
from this initial experience, but we believe that catheter- 
based cell transplantation in HF patients is feasible and that 
the transendocardial catheter-based cell delivery technique 
is safe from a procedural point of view. An important 
question about potential arrhythmogenic properties of skel- 
etal myoblast transplantation is still unanswered. Although 
no syncope or malignant arrhythmias were observed in our 
pilot study, we have observed in two consecutive follow-up 
studies on catheter-based autologous skeletal myoblast 
transplantation in eight patients, two sudden deaths and 
three ventricular arrhythmias (one symptomatic and two 
asymptomatic) within three months after the procedure 
(unpublished data, P. C. Smits, 2003). These serious 
adverse events necessitated elementary changes in the pro- 
tocols of the consecutive studies. Currently, both phase 1 
follow-up studies have restarted with enrollment of patients 
with I CDs and rigorous rhythm monitoring before and after 
the procedure. 

Also, Menasche et al. (14) have reported four ICD 
implantations within one month after the procedure in a 
phase 1 trial involving transepicardial autologous skeletal 
myoblast injections during bypass surgery in 10 post- 
myocardial infarction patients with an average baseline 
LVEF of 23%. However, the arrhythmogenic incidents 
observed in this study and in other skeletal myoblast cell 
transplantation studies may also reflect the natural course of 
this high-risk population for arrhythmias. Furthermore, the 
likelihood of finding a non-sustained ventricular arrhythmia 
recording on serial Holter monitoring is 40% in patients 
with HF (15). Therefore, the question remains unanswered 
whether skeletal myoblast transplantation is arrythmogenic 
and safe. 

From this initial experience, we conclude that catheter- 
based cell transplantation with autologous skeletal myo- 



blasts for the treatment of ischemic HF is feasible and 
promising. However, extensive pre- and post-procedural 
monitoring studies for arrhythmias and well-defined func- 
tional parameters are needed to evaluate the safety and 
efficacy of cellular cardiomyoplasty procedures in the near 
future. 
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Electrophysiological properties of human mesenchymal 
stem cells 

Jurgen R Heubach 1 , Eva M. Graf 1 , Judith Leutheuser 1 , Manja Bock 1 , Bartosz Balana 1 , Ihor Zahanich 1 , 
Torsten Christ 1 , Sabine Boxberger 2 , Erich Wettwer 1 and Ursula Ravens 1 

'Institut fir Pharmakologie und Toxikologie, and Medizinische Kiinik und Miklinik J, Medizinische Fakuh&t Carl Gustav Cams der TU Dresden, 
D-01307 Dresden, Germany 

Human mesenchymal stem cells (hMSC) have gained considerable interest due to their potential 
use for cell replacement therapy and tissue engineering. One strategy is to differentiate these 
bone marrow stem cells in vitro into cardio myocytes prior to implantation. In this context 
ion channels can be important functional markers of cardiac differentiation. At present there 
is little information about the electrophysiological behaviour of the undifferentiated hMSC. 
We therefore investigated mRNA expression of 26 ion channel sub units using semiquantitative 
RT-PCR and recorded transmembrane ion currents with the whole-cell voltage clamp technique. 
Bone marrow hMSC were obtained from healthy donors. The cells revealed a distinct pattern 
of ion channel mRNA with high expression levels for some channel subunits (e.g. Kv4.2, Kv4.3, 
MaxiK, HCN2, and alC of the L-type calcium channel). Outward currents were recorded in 
almost all cells. The most abundant outward current rapidly activated at potentials positive 
to +20 mV. This current was identified as a large-conductance voltage- and Ca 2 + -activated 
K+ current, conducted by MaxiK channels, due to its high sensitivity to tetraethylammonium 
(IC50 = 340 /iM) and its inhibition by 100 nM iberiotoxin. A large fraction of cells also 
demonstrated a more slowly activating current at potentials positive to -30 mV. This current 
was selectively inhibited by dofilium (ICs 0 = 0.8 /im). Ba 2+ inward currents, stimulated by 1 
/iM BayK 8644 were found in a few cells, indicating the expression of functional L-type Ca 2+ 
channels. Other inward currents such as sodium currents or inward rectifier currents were absent. 
We conclude that undifferentiated hMSC express a distinct pattern of ion channel mRNA and 
functional ion channels that might contribute to physiological cell function. 

(Resubmitted 25 September 2003; accepted after revision 23 October 2003; first published online 24 October 2003) 
Corresponding author U. Ravens: Institut fur Pharmakologie und Toxikologie, Medizinische Fakultat Carl Gustav Cams 
der TU Dresden, Fetscherstrasse 74, D-01307 Dresden, Germany. Email: ravens@rcs.urz.tu-dresden.de 



The bone marrow stem cell pool is a rich source 
of undifferentiated cells that may play a role in 
physiological tissue restoration (Caplan, 1991; Orlic 
et al 2002). Two subpopulations of stem cells can 
be distinguished, the haematopoietic and stromal 
(mesenchymal) stem cells. The adult bone marrow stem 
cells have gained much interest as starting material 
for tissue engineering and cell therapy. Aspiration and 
defined processing of human bone marrow allows the 
expansion of a multipotent cell population, the human 
mesenchymal stem cells (hMSC; Pittenger et al 1999). 
The cells can be used for in vitro studies, where 
differentiation into osteogenic (Haynesworth et al 1992), 
chondrogenic (Mackay et al 1998; Winter etal 2003) and 
adipogenic (Janderova et al 2003) lineage can be readily 
achieved. 



There is evidence that hMSC can also obtain the 
characteristics of excitable cells. hMSC have the capability 
of differentiating into cells with a neurone-like phenotype 
both in vitro (Kim et al 2002) and in vivo (Zhao et al 
2002), and implantation into the ischaemic brain of 
rats improved functional performance of the apoplectic 
animals (Zhao et al 2002). In addition, hMSC might 
be a suitable cell source for cardiac tissue repair in 
patients with myocardial infarction or heart failure. It 
has been shown that hMSC injected into the ventricles 
of immunodeficient mice engrafted into the myocardium 
and appeared to differentiate into cardiomyocytes, albeit 
with low frequency (Toma et al 2002). In a swine 
myocardial infarction model injection of hMSC into the 
region of myocardial infarction reduced the extent of wall 
thinning and improved contractile dysfunction (Shake 
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et al 2002). Based on these findings it was proposed that 
hMSC would be useful for cardiomyoplasty (Cahill et al 
2003). 

Meanwhile, cell therapy for the treatment of ischaemic 
heart disease has advanced to early clinical studies. 
In patients with myocardial infarction, bone marrow 
cells were obtained and injected into the infarct-related 
coronary artery using a balloon catheter (Assmus et al 
2002; Strauer et al 2002). Other groups implanted the 
cells into ischaemic myocardium by means of a catheter- 
directed intramural injection (Tse et al 2003) or directly 
injected cells into the infarct border zone during open 
heart surgery (Stamm et al 2003). All four studies report 
an improvement of myocardial perfusion or functional 
parameters. With the exception of one study (Stamm et al 
2003), the mononuclear bone marrow cell suspension 
employed for cardiac injection was highly heterogeneous, 
and the used cell populations varied greatly among these 
clinical studies. 

Up to now, enhanced incidence of arrhythmias in 
patients who received cardiac implantation of bone 
marrow stem cells has not been noted, although such risk 
cannot be excluded (Al-Radi etal 2003). CarcUomyocytes 
derived from human embryonic stem cells have the 
potential to generate arrhythmic action potentials under 
some conditions (Zhang et al 2002). At present 
there is little information about the electrophysiological 
properties of human bone marrow stem ceDs. We therefore 
studied the population of hMSC isolated in our laboratory 
from bone marrow samples. Commercially available 
hMSC were used for comparison. We investigated whether 
undifferentiated hMSC express ion channel mRNA and 
whether the cells have functional ion currents. 

Methods 

Isolation of hMSC and ceil culture conditions 

All parts of this study, especially isolation of human 
mesenchymal stem cells (hMS) were performed according 
to the Declaration of Helsinki. The study was approved 
by the local ethics committee and written informal 
consent was obtained from donors of bone marrow 
and cardiac samples. Bone marrow samples were 
collected from 16 healthy donors at the Mildred 
Scheel Bone Marrow Transplantation Center of the 
University Clinics, Dresden hMSC were isolated and 
cultured according to modifications of previously reported 
methods (Haynesworth et al 1992; Pittenger et al 
1999). Briefly, an aliquot from bone marrow aspirate 
diluted with PBS-0.5% human serum albumin (HSA) 
was layered over a Percoll solution (d = 1.073 g ml" 1 , 



Biochrom, Germany) and centrifuged at 900 g for 
30 min. Mononuclear cells at the interface were recovered, 
washed twice in PBS-HSA and seeded into 75 cm 2 flasks 
containing Dulbecco's modified Eagle's medium (DMEM, 
low glucose) supplemented with 2 mM GlutaMAX, 10 U 
ml -1 penicillin, 100 fig ml" 1 streptomycin (all from Gibco 
Invitrogen, UK) and 10% fetal calf serum (Biochrom). 
The medium was completely changed after 24 h. After 
automatic counting cells were maintained in a humidified 
atmosphere at 5% C0 2 and 37°C until reaching 90% 
confluency. For subcultivation the cells were replated at 
a density of 5000 cells cm" 2 (Bruder et al 1997). Aliquots 
of different passages were used for flow-cytometric 
characterization of the cells (FACS calibor 3CS, Becton 
Dickinson). 

In addition to hMSC isolated in our laboratory 
we investigated commercially available hMSC (Poietics, 
BioWhittaker, San Diego, CA, USA) for comparison. 
These hMSC originated from three Caucasian female 
donors aged 18, 19 and 26 years (lot numbers 0F2Q14, 
1F0658 and 1F1061). The cells were obtained from the 
supplier in the 1st or 2nd passage and were certified by 
the following surface markers: CD29+, CD44+, CD105+, 
CD166+ (each > 95%) and CD14", CD34", CD45" 
(each< 1%). hMSC from BioWhittaker were cultured 
with the respective mesenchymal stem cell growth medium 
(hMSCGM; BioWhittaker). mRNA was extracted from 
subconfluent 4th passages and patch clamp experiments 
were performed on cells from the 3rd to 6th passage. 

Electrophysiological recordings 

Membrane currents were measured in the whole 
cell configuration of the patch clamp technique at 
21-23°C (Hamill etal 1981). Initially, we tried to record 
currents of hMSC attached to glass cover slips. However, 
electrophysiological analysis was not feasible under these 
conditions. We therefore detached subconfluent hMSC 
from small culture flasks (T25, Greiner, Frickenhausen, 
Germany) using trypsin-EDTA. After centrifugatidn at 
88 g for 5 min cells were recovered in culture medium. 
The suspension was stored at room temperature and used 
within 6 h. 

For electrophysiological recordings the cells were 
transferred to a small chamber (Warner Instruments, 
Hamden, CT, USA) and allowed to attach to the 
glass bottom for 15 min. Subsequently, the bath was 
perfused continuously at a rate of 1.8 ml min" 1 . 
Ion channel blockers were applied with the use 
of a magnet valve or with a rapid solution exchanger 
(DAD- 12 superfusion system, ALA Scientific Instruments, 
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Westbury, NY, USA). Membrane currents were measured 
with a List EPC-7 amplifier (List Medical Instruments, 
Darmstadt, Germany) under the control of pCLAMP 5.5 
software (Axon Instruments, Foster City, CA, USA). Patch 
electrodes were pulled with a horizontal puller (Zeitz, 
Munchen, Germany) from filamented borosilicate glass. 
The tip resistance was 1.5-4.0 Mf2, when filled with 
electrode solution. Membrane capacitance was measured 
with fast depolarizing ramp pulses (from -55 to -50 mV, 
duration 5 ms) at the beginning of each experiment 
as previously described (Heubach et al 1999). Series 
resistance was routinely checked and compensated by 50- 
70%. Membrane currents were low-pass filtered at 2 kHz. 

Outward currents were recorded with the following 
bath solution (mM): NaCl 150, KC1 5.4, CaCl 2 2, MgCl 2 
2, glucose 11, Hepes 10 (pH 7.4 adjusted with NaOH). 
The pipette solution included (iiim): NaCl 8, KC1 40, 
potassium aspartate 100, Tris-GTP 0.1, Mg-ATP 5, CaCl 2 
2, EGTA 5 (pH adjusted to 7.3 with KOH) resulting 
in a calculated free Ca 2+ and Mg 2 * 1 " concentration of 
64 nM and 587 /xm, respectively (Fabiato 8c Fabiato, 
1979). Solutions containing different concentrations of 
tetraethylammonium chloride were prepared by mixing 
bath solution as described above with a bath solution 
in which 20 mM NaCl was replaced by 20 mM 
tetraethylammonium chloride, in order to keep osmolarity 
constant. All membrane potentials were corrected for a 
calculated liquid junction potential of 12.5 mV (JPCalc 
version 2.2; Barry, 1994). The stimulation frequency was 
0.25 Hz. Current amplitude was determined at the end of 
individual depolarizing steps. 

The presence of functional Ca 2+ channels was assessed 
with Na + -free external solution supplemented with 2 mM 
Ca 2+ or 10mMBa 2+ under conditions previously described 
(Heubach et al 2000). Inward rectifier currents were 
measured in 20 mM K + solution with ramp pulses from 
-100 mV to 4-40 mV of 1250 ms duration from a 
holding potential of -80 mV as used for the recording 
of inward rectifier currents in human atrial myocytes 
(Dobrev et al 2000). In order to enhance the ATP-sensitive 
potassium current ( 1^ A tp )> if present, the intrapipette Mg- 
ATP concentration was reduced to 0.1 fXM t The presence 
of hyperpolarization-activated currents was investigated 
as described for mouse ventricular myocytes (Graf et al 
2001). Membrane potential was hyperpolarized for 2 s by 
steps to -140 mV from a holding potential of -40 mV. 

Isolation of RNA and polymerase chain 
reaction experiments 

Total RNA (0.5 Mg) isolated by the guanidinium method 
(Chomczynski 8c Sacchi, 1987) was reverse transcribed in a 



21 fi\ reaction mixture that contained 75 mM KC1, 50 mM 
Tris-HCl (pH 8.3), 3 mM MgCl 2 , 0.5 mM of each dATP, 
dCTP, dGTP, dTTP, 600 ng of random hexamer primers, 
1 0 mM DTT, 2 U ofRNase inhibitor and 1 0 U of Superscript 
RNase H" (Invitrogen, Karlsruhe, Germany) according 
to the manufacturer's instructions. For PCR experiments 
3 fA aliquots of total cDNA were amplified (Master Cycler, 
Eppendorf, Hamburg, Germany) in a 25 jil reaction 
mixture containing 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 
1.5 mM MgCl 2 , 0.2 mM of each dATP, dCTP, dGTP, dTTP, 
25 pmol of each forward and reverse primer and 1.25 U 
of Taq polymerase (Applied Biosystems, Weiterstadt, 
Germany; for primers and reaction conditions see 




Figure 1. Morphology of human mesenchymal stem cells 
(hMSQ 

A, subconfluent culture with characteristic morphology of adherent 
cells. B. ball-shaped cells after detachment from culture-flasks by 
trypsin-EDTA treatment and 1 5 min attachment to the glass bottom 
of the patch-clamp chamber. Three hMSC are indicated by 
arrowheads. The right cell was used for electrophysiological recordings 
(note the patch-electrode). 
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Figure 2. Different patterns of outward currents In hMSC 

The top row demonstrates examples of original current traces recorded in three different hMSC, respective current- 
voltage relations are depicted below. Most of the cells demonstrated a rapidly activating current / r with noisy 
current traces at potentials positive to +20 mV (left, a hMSC from 6th passage). The occurrence of a pure slowly 
activating current / s was a rare event (right, 5th passage). This current activated at potentials positive to -30 mV 
and demonstrated saturation at strongly depolarized potentials. In many cells the two currents coexisted (middle, 
6th passage) and the ratio between / r and 1% was highly variable. 



Table 1), The same single-stranded cDNA product was 
used to analyse the expression of all genes described. 
To ensure that amplification was in the exponential 
range, the progress of PCR was determined by amplifying 
identical reaction mixtures for ascending numbers of 



cycles. After the cited number of PCR cycles amplification 
rate was sufficient without reaching saturation for any of 
the amplicons. PCR products were analysed by agarose 
gel electrophoresis (2% agarose) and ethidium bromide 
staining. Bands imaged by a CCD camera (Biostep, 



A B 




1550 pfriSn* too [Ttfraathytemrmniufri] W 

Figure 3. Pharmacological characterization of the two outward currents 1 r and /» 

l f was analysed at the potential +70 mV, whereas k was tested at +20 mV to avoid contamination by / f 
(see Methods). A, effects of the K + channel blockers 8a 2+ (1 mM), 4-aminopyridine (4-AP, 3 mM), E-4031 
(5 ilm). HMR1556 (1 iim), linopirdine (10 iim) and of the chloride channel blocker DIDS (200 aim). Outward 
current amplitudes in the presence of blockers were normalized to predrug amplitudes. Numbers in columns 
give the number of cells tested. B, effects of tetraethylammonium on outward current amplitudes. The effects 
of all compounds were reversible upon washout. *P < 0.05, **P < 0.01, ***P < 0.001; Students paired 
ftest 
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Jahnsdorf, Germany) were analysed via optic densitometry 
with Phoretix ID software (Biostep). 

Chemicals 

All chemicals used were of analytical grade and 
were purchased from commercial suppliers (Sigma, 
Deisenhofen, Germany, and VWR, Darmstadt, Germany). 
4-Aminopyridine, BayK 8644, tetraethylammonium 
chloride, linopirdine and 4,4'-diisothiocyanatostilbene- 



2,2 ; -disulphonic acid (DIDS) were ordered from Sigma. 
Clofilium tosyiate was from Lilly (Indianapolis, IN, 
USA), E-4031 was from Eisai Co. (Ibaraki, Japan), 
and HMR1556 was from Aventis (Frankfurt, Germany). 
Recombinant iberiotoxin was obtained from Calbiochem 
(San Diego, CA, USA) and recombinant ergtoxin was 
ordered from Alomone Laboratories (Jerusalem, Israel). 
Hanatoxin was a kind gift from Dr Kenton J. Swartz 
(National Institute of Neurological Disorders and Stroke, 
NIH Bethesda, MA, USA). Solutions containing peptide 
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Figure 4. Reversible inhibition of / r by 100 nm iberiotoxin, a 
blocker of Ca 2+ -acth/ated K + channels of large conductance 

A, voltage protocol. Current traces are shown at +20 mV (/ $ ) and at 
+70 mV (/ r + / s ) under control conditions (B), in the presence of 100 
nM iberiotoxin (Q and after washout (D). The current-voltage relation 
in the absence and presence of iberiotoxin shows selective inhibition 
of l r without major block of / s {E ; hMSC from 4th passage). 
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Figure 5. Irreversible block of /, by 10 ym clofilium, a 
non-selective blocker of K + currents 

A, vortage protocol. Current traces are shown at +20 mV (/ s ) and at 
+70 mV (l r + /$) under control conditions (B), in the presence of 1 0 /xm 
clofilium (Q and after washout (D). The current-voltage relation in the 
absence and presence of clofilium shows selective inhibition of / s 
without major block of l r (E; hMSC from the 4th passage). 
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toxins were supplemented with 0,1% bovine serum 
albumin. 

Data analysis and statistics 

As shown below we detected two different outward 
currents ( I T and 7 S ) in hMSC which variably contributed to 
total outward current. Differences in voltage dependence 
of the two currents allowed the classification of hMSC in 
cells with exclusive occurrence of J r , I s or a mixture of both 
currents. We defined hMSC with exclusive prevalence of I r 
current as cells where the ratio between current measured 
at +20 mV (J 2 o) and current measured at 4-70 mV (J70) 
was below 0.25 (compare Fig. 1). A ratio of I 2 o and 
7 7 o of 0.25-0.5 defined cells with coexistence of both 
currents and /20/ J70 above 0.5 defined cells with exclusive 
occurrence of Significance of differences between 
means was tested using Student's paired or unpaired 
t test with a level of P < 0.05 taken to be statistically 
significant. ANOVA followed by Bonferroni's post hoc 
test was applied in most cases when several groups were 
compared. 

Results 

Characterization of hMSC 

Human mesenchymal stem cells (hMSC) isolated by our 
group were characterized by means of flow cytometry. 
Cells from passages 0 and 1 were positive for CD29 
(93 ± 2%), CD105 (92 ± 3%), and CD166 (95 ± 1%), 
and were negative for CD34 (0%), and CD45 (2 ± 1%) 
(n — 3-6 different donors). These levels remained constant 
during repeated subcultivation up to the last passage (5th) 
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investigated by flow cytometry. The cultures demonstrated 
a characteristic growth pattern (Fig. IA) of a homogeneous 
cell phenotype. Electrophysiological recordings were 
performed using ball-shaped cells (Fig. IB) obtained after 
trypsin-EDTA treatment of the cultures shown in Fig. 1 A. 

Outward currents of hMSC 

Almost all human mesenchymal stem cells (hMSC) 
investigated demonstrated outward currents (102 out of 
118 cells). Distribution of current patterns and current 
amplitudes were independent of hMSC source (isolated 
by our group, n = 25 cells versus commercial supplier, 
n = 77 cells) and of passage number. Therefore, the 
pooling of the results for further analysis appeared to be 
justified. 

The most frequently observed current was a rapidly 
activating outward current which we named I T (Fig. 2, left). 
This current activated at potentials positive to +20 mV 
and only slightly inactivated at positive potentials during 
prolonged pulses of 1 s duration. Activation of I T was 
associated with an increased noise of the current recordings 
(Fig. 2, left and middle). Tail currents were absent at 0 mV 
(Fig. 2, left) and also at more negative potentials (data 
not shown). Mean current density was 16.1 ± 1.8 pA 
pF~ l at +70 mV in 44 cells that exclusively demonstrated 
J r . Forty-nine cells demonstrated an additional current 
(Fig. 2, middle) that activated at more negative potentials 
and with slower kinetics. This current is referred to as 
Only nine cells exclusively demonstrated this I $ current 
(Fig. 2, right). 7 8 did not inactivate and saturated at 
+50 mV. Mean current density in these nine hMSC 
was 11.4 ± 1.8 pA pF -1 at +70 mV. Cell capacitance 
as a measure of cell size was similar in hMSC that 
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Figure 6. Concentration-dependent block of /, by dofilium 

A, representative current traces at voltage steps from -1 00 mV to +20 mV in the absence and presence of different 
dofilium concentrations. The inhibition of /$ was not reversible after washout of the drug. B, summary of effects. 
Inhibition by dofilium was analysed at +20 mV to avoid interference from l f . Up to three increasing concentrations 
were tested in one cell (n = 2-4 cells per concentration). 
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exclusively demonstrated I T (54.1 ± 2.9 pF, n = 44) or I t 
(54.8 ± 6.7 pF, n = 9) or the coexistence of 
both currents (55.2 ± 3.6 pF, n = 49). Membrane 
potential, however, was significantly more negative in cells 




l(nA) 

Figure 7. Ca 2+ and Ba 2 + currents of hMSC 

Original current traces of a representative cell are shown at -25 mV, -5 
mV and 1 5 mV in the presence of 2 mM Ca 2+ (A). 10 ittm Ba 2+ (B), 1 0 
mM Ba 2+ plus 1 fiM BayK 8644 (Q and 100 tiM Cd 2+ (0). Currents 
were elicited during 400 ms step depolarizations from a holding 
potential of -95 mV. Arrowheads indicate zero current. 
Current-voltage relations of the Cd 2+ -sensitive currents are shown in 
(£)forns= 10 cells. 
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demonstrating I, current as compared to ceils lacking 
J 8 (-35.2 ± 1.6 mV, n = 29, versus -28.9 ± 2.1 mV, 
n = 17; P < 0.05). 



Characterization of / r and /, 

Characterization of the two currents depended on 
their appropriate separation. Investigation of l x with 
pharmacological tools was performed on cells that 
exclusively demonstrated J r and currents were analysed 
at a potential of +70 mV (compare Fig. 2, left). However, 
at +70 mV J, was contaminated by J r in most cells (Fig. 2, 
middle). We therefore analysed I, at +20 mV, a potential 
where / s amplitude was indeed not at maximum, but free 
of/ r . 

Ba 2+ significantly blocked both currents, with 1 mM 
Ba 2+ having a larger effect on J s than on J r (Fig. 3A). 
4-Aminopyridine, an unselective blocker of K + currents 
(3 mM), reduced J r to approximately 50% but only slightly 
inhibited J 5 . The selective blocker of cardiac delayed 
rectifier Jr,, E-403 1.(5 /zm; Sanguinetti 3c Jurkiewicz, 1 990) 
had no effect on J r , whereas J $ was reduced by 50%. The 
highly selective HERG channel blocker ergtoxin (100 nM; 
Gurrola et al 1999) did not inhibit I s in three hMSC 
investigated (101 ± 4% of control; data not shown). 

A possible relationship of J 5 to cardiac delayed rectifier 
Jfc was tested with HMR1556 ( 1 aim; Gogelein etal 2000). 
There was only a slight block of J 5 without modulation 
of J r (Fig. 3A). Linopirdine (10 /xm), which blocks K + 
channels Kv7.2 and Kv7.3 (i.e. KCNQ2 and 3; Wang et al 
1998a), had no effect on I T and Hanatoxin, a spider 
toxin that blocks Kv2.1 channels (Swartz & MacKinnon, 
1995) did not block J 8 in two cells investigated (data not 
shown). In addition we investigated the effects of DTDS, a 
specific inhibitor of cellular anion permeability including 
CI" conductance (200 /zm; Hume et al 2000). This 
compound significantly stimulated J r , but had no effect on 
/.<Fig.3A). 

Application of tetraethylammonium chloride markedly 
reduced the amplitudes of both currents (Fig. 3B). I, 
was blocked by tetraethylammonium with half-maximum 
inhibition at a concentration of 4. 1 mM. I T was found to be 
more sensitive to this blocker (IC50 = 0.34 mM), and this, 
together with other characteristics, suggested that I r was 
conducted by voltage- and Ca 2+ -activated K + channels of 
large conductance (MaxiK). 

To identify the channel molecule responsible for I r we 
applied iberiotoxin, a selective blocker of MaxiK channels 
(Galvez etal 1990; Fig. 4). Iberiotoxin (100 nM) inhibited 
current measured at +70 mV to 51 ± 1% of control 
amplitude in four cells and the extent of noise, typical for 
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J r , was clearly reduced. J s measured at +20 mV was largely 
unaffected by iberiotoxin. However, I s current at +20 mV 
was irreversibly blocked by clofilium (Castle, 1991) with 
little effect on / r (Fig. 5). The IC50 value for the inhibition 
of 7, by clofilium was 0.79 /iM, as shown in Fig. 6. 

Inward currents of hMSC 

The conditions applied for recording outward currents 
were also suitable for detecting sodium inward currents, 
but sodium currents were absent in all cells investigated. 
In addition we tested for the presence of functional Ca 2+ 
channels. At 2 mM external Ca 2+ it was hard to identify 
clearly any inward current (Fig, 7 A). However, after 
switching to 10 mM Ba 2+ , 10 out of 70 cells demonstrated 
inward currents that were stimulated by 1 /zm BayK 8644 
and completely blocked by 100 mm Cd 2+ (Fig. 7B-D). 
The currents activated around -35 mV and peaked at 
-5 to 5 mV (Fig. 7E), consistent with Ba 2+ currents 
conducted by L-type Ca 2+ channels of other cell types. 
The capacitance of cells with Ba 2+ currents (1 16 ± 17 pF) 
was significantly larger than the capacitance of cells where 
Ba 2+ currents were below the limit of detection or absent 
(67,6 ± 3.8 pF;P< 0.05). 

Inward rectifier currents were assessed with high 
external K + solution (20 mM, see Methods) to increase 
K + reversal potential and thereby to emphasize the inward 



branch of these currents (Dobrev et al 2000). Inward 
currents were small in amplitude and could hardly be 
distinguished from putative small leak currents (n = 
11 cells, data not shown). There were no effects of 
1 mM Ba 2+ , a non-selective blocker of inward rectifier 
currents. Carbachol (2 /xm) did not stimulate inward 
currents, indicating a lack of muscarinic receptors and/or 
a lack of the acetylcholine-stimulated inward rectifier 
current Ik,aov Furthermore, the Jk,atp channel opener 
rilmakalim (10 /zm) and the Jjcatp channel blocker 
glibenclamide (10 iim) did not modulate inward currents 
in these 1 1 cells. The hyperpolarization-activated inward 
current If was absent in five hMSC investigated (data 
not shown). 

mRNA expression of ion channel subunrts in hMSC 

Finally, we investigated the expression pattern for ion 
channel isoform mRNA in undifferentiated hMSC. 
Samples from human atrium and ventricle were taken 
as control tissues for comparison. hMSC isolated by our 
group and hMSC obtained from the commercial source 
exhibited a consistent pattern of ion channel mRNA. 
Figure 8 demonstrates mRNA expression for ion channel 
subunits associated with outward currents. There was clear 
mRNA amplification for Kv4.2 and Kv4.3, two ion channel 
subunits responsible for transitory outward currents, but 



e 



hMSC HV HA 




Figure 8. Amplification of mRNA of ion channel subunrts related to outward currents by RT-PCR 

A, original gels demonstrating amplification of ion channel subunit transcripts in hMSC, human ventricle (HV) 
and human atrium (HA). B, summary of amplification with hMSC samples isolated by our group (open bars, n = 
3-5 donors) and with commercially available hMSC (filled bars, n = 3 donors). High mRNA expression levels were 
detected for channels that conduct transitory outward currents (Kv4.2 and Kv4.3). In addition, MaxiK channels, 
responsible for large-conductance Ca 2+ -activated K + currents, were strongly expressed. Please note, that despite 
the absence of, for instance, Kvl .5 in this hMSC sample (A) others did express this channel leading to a small mean 
value. 
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Figure 9. Amplification of mRNA of ion channel subunits related to hyperpoiarization-activated inward 
currents and inward rectifier currents by RT-PCR 

A, original gels. B. summary of mean values from hMSC samples isolated by our group (open bars, n = 4 donors) 
and from commercially available hMSC (filled bars, n = 3 donors). We found strong amplification of cDNA derived 
from mRNA for the hyperpoiarization-activated and cyclic nucleotide-gated channel (HCN) isoform 2 (HCN2), but 
no amplification for HCN1 and HCN4. High mRNA levels were deteted for the two inward rectifier (Kir) subunits 
Kir2.2 and Twikl, whereas mRNA for the two inward rectifier channels Kir3.1 and Kir3.4 associated with cardiac 
'iCACh was absent or below the detection limit. 



transient outward currents were not observed in hMSC. 
However, the high levels of MaxiK mRNA were in line with 
the detection of an iberiotoxin-sensitive outward current 
(/ r ) in most of the hMSC investigated. In addition we 
detected low levels of mRNA for Kvl . 1 , Kvl .4, Kvl .5, Kv2. 1 , 
Kv3.1,Kv7.2 andKv7.3. 

mRNA expression levels of channel subunits conducting 
hyperpoiarization-activated currents and inward rectifier 
currents are shown in Fig. 9. There was strong expression 
of mRNA for the hyperpoiarization-activated and cyclic 
nucleotide-gated ion channel isoform 2 (HCN2) in all 
samples of hMSC, but the respective current If was 
not observed (see above). Similarly, there were high 
levels of mRNA for two channel subunits associated 
with the inward rectifier current J K i> Kir2.2 and Twikl, 
but inward rectifier currents were absent. There was 



no mRNA expression for Kir3.1 and Kir3.4, responsible 
for the cardiac acetylchohne-stimulated inward rectifier 
current J^ach- 

RT-PCR results for Na + and Ca 2+ channel subunits are 
shown in Fig. 10. mRNA for the Na + channel isoform 
SCN5A was only detected in one sample. However, there 
was strong expression of the L-type Ca 2+ channel orlC 
subunit in all hMSC samples, whereas mRNA levels for 
other a I subunits of the L-type Ca 2+ channel (a ID, 
a IS) or T-type Ca 2+ channel (alG, alH) were low or 
undetectable. As shown in the original gels of Figs 8-10, 
expression levels for several ion channels were in the same 
order of magnitude as in tissue samples from human heart 
The expression patterns were similar in hMSC isolated by 
our group and in hMSC obtained from the commercial 
source. 
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Figure 10. Amplification of mRNA of ion 
channel subunits related to Na + or Ca 2+ 
inward currents by RT-PCR 

A, original gels. B, summary of mean values 
from hMSC samples isolated by our group 
(open bars, n a 4-5 donors) and from 
commercially available hMSC (filled bars, n = 
3 donors). High expression levels were only 
found for the al C subunit of L-type Ca 2+ 
channels. 
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Discussion 

In the context of in vivo and in vitro differentiation of 
human mesenchymal stem cells (hMSC) into excitable 
cells we describe the electrophysiological properties of 
undifferentiated hMSC. We recorded two distinct outward 
currents, present either alone or in combination, in almost 
all cells investigated. A small fraction of cells demonstrated 
functional Ca 2+ channels. Semi-quantitative RT-PCR 
from mRNA of cultured hMSC revealed a consistent 
expression pattern of ion channel subunits. 

Identification of outward currents 

Most hMSC demonstrated outward currents that were 
inhibited by K + channel blockers such as Ba 2+ and 
4-aminopyridine, but were not blocked by DIDS, a blocker 
of Cl~ currents. This general finding suggests that both 
currents 7 r and 7 g are carried by K + . 

The most prevalent outward current of hMSC was 7 r , 
a rapidly activating current which hardly demonstrated 
any inactivation. One clue towards the identification of 
its molecular nature is provided by the high sensitivity to 
tetraethylammonium. There are only a few K + channels 
that are blocked with IC50 values around 0.3 idm, namely 
the Kvl.l channel, channels of the Kv3 family, Kv7.2 
channels and the voltage- and Ca 2+ -activated K + channels 
of large conductance MaxiK (Rudy & McBain, 2001). 

The electrophysiological properties and the 
pharmacological profiles of Kvl.l, Kv3, and Kv7.2 
channels are incongruous with those of I T current 
(Coetzee et al 1999). We positively identified 7 r as 
the large-conductance Ca 2+ -activated K + current 
due to the following additional findings: (i) typical 
electrophysiological properties, (ii) noisy current traces, 
which we interpret to be due to large-conductance single 
channel openings, (iii) sensitivity to iberiotoxin, a specific 
blocker of MaxiK channels, and finally (iv) high expression 
levels of MaxiK mRNA in hMSC. MaxiK channels are 
expressed in many cells and tissues, including neurones, 
smooth muscle cells and secretory glands (Wallner 
et al 1999). Moreover, Ca 2+ -activated K + channels were 
found in osteoblasts (Westkamp et al 2000), adipocytes 
(Pershadsingh etal. 1986), endothelial cells (Wiecha etal 
1998) and fibroblasts (Estacion, 1991), i.e. cell types that 
can be derived from undifferentiated hMSC. 

Identification of J, based on a comparison of its 
electrophysiological and pharmacological properties with 
those of known channels is difficult. Slow kinetics of 
activation suggested some relation to cardiac delayed 
rectifier which is associated with HERG channels, and 



Jks, related to KCNQl/minK. However, the blocker E- 
4031 blocked 7 S to a lower extent than expected for the 
relatively high concentration of 5 /xm. In addition, the 
peptide blocker of 7^, ergtoxin, had no effect, suggesting 
that 7 8 does not flow through HERG channels. The 
blocker of cardiac Jr,, HMR1556, only affected 7 S to 
a moderate extent. Based on slow activation kinetics 
and other electrophysiological parameters, Kv2.1, Kv7.2 
and Kv7.3 were further candidate molecules for 7 S , but 
hanatoxin and linopirdine did not block this current It 
was found that clofilium inhibited 7, with relatively high 
potency and high selectivity over 7 r , and hence can be 
used in functional experiments for selective suppression 
of7 s . 

Our failure to identify the molecular nature of 7, 
could be due to the presence of ft subunits. The number 
of possible potassium channel constructs is extended 
by the presence of p subunits that associate with 
several pore-forming potassium channel subunits. This 
association often results in a profound modification of 
electrophysiological or pharmacological behaviour of the 
respective current (Nerbonne, 2000). The involvement 
of one or more p subunits in 7 5 of hMSC is possible 
and renders the attribution to known potassium channel 
subunits even more difficult. 

Ion channel mRNA, though expressed at high levels, is 
not necessarily translated into functionally active channel 
molecules. The discrepancy between the presence of 
mRNA but lack of the respective current is most striking 
for the channel subunits Kv4.2 and Kv4.3, associated 
with transient outward current 7 to , but also for the 
hyperpolarization-activated and cyclic nucleotide-gated 
channel isoform 2 (HCN2), responsible for the h inward 
current. The reason for the lack of functional channel 
molecules remains unclear. 

Functional role and heterogeneity of ion 
currents in hMSC 

MaxiK channels are sensors of intraeeUular Ca 2+ . By this 
property they regulate membrane potential in a Ca 2+ - 
dependent manner (Kawano et al 2003). The activity 
of MaxiK channels is modulated by phosphorylation via 
specific receptor-dependent signalling cascades, as recently 
shown for pathways involving the cellular proto-oncogene 
pp60 (c-Src; Alioua et al 2002). The large-conductance 
Ca 2+ -activated K + current could therefore be an effector 
of trophic factors within the body fluids or cell culture 
medium. 

The functional role of the unidentified 7 B current is 
even more obscure. 7 S activates at much more negative 
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potentials than the large-conductance Ca 2+ -activated K + 
current. The presence of J, should therefore shift the 
membrane potential of hMSC to more negative potentials. 
In feet this was observed: hMSC with 7 8 current had 
a significantly more negative membrane potential than 
hMSC without/,. 

Regulation of intracellular calcium in hMSC depends on 
several mechanisms, and voltage-operated Ca 2+ currents 
do not contribute much (Kawano et al 2002; Kawano 
et al 2003). Only 15% of hMSC demonstrated a small 
dihydropyridine-sensitive calcium current in the presence 
of a high external calcium concentration (Kawano et al 
2002). This dihydropyridine-sensitive Ca 2+ current was 
probably due to the cardiac isoform of the L-type calcium 
channel, since we found high levels of mRNA for the pore- 
forming a 1C subunit in hMSC. Our electrophysiological 
observations confirm the low frequency of hMSC with 
functional L-type Ca 2+ channels. Ca 2+ and Ba 2+ currents 
were observed in cells that were significantly larger 
than cells without these currents. Given a fixed current 
density, the small current amplitudes would be more easily 
detectable in large cells. However, this does not completely 
explain the heterogeneity of Ca 2+ and Ba 2+ currents. 
Heterogeneity was also observed with outward currents, 
where currents of individual hMSC were not consistent, Le. 
some of the cells exclusively showed the large-conductance 
Ca 2+ -activated K + current, others expressed / 5 current or a 
mixture of both. Why do individual cells express different 
currents? There are several possible reasons. Despite the 
presence of consistent marker proteins on the cell surface 
and homogeneous morphology of the cultivated cells, 
the cells investigated possibly did not come from an 
absolutely homogeneous population of hMSC, but also 
included fractions of more or less committed progenitor 
cells (Minguell et al 2001; Muraglia et al 2000). These 
cell populations could slightly differ in their ion current 
patterns. Another possible reason is the dependence of ion 
current expression on cell function. For example, there is 
evidence that current expression varies at different phases 
of the cell cycle (Ouadid-Ahidouch etal 2001; Chittajallu 
et al 2002). Nevertheless, there is only a limited number 
of different currents observed in undifferentiated hMSC. 
The modification of present currents and the occurrence 
of new currents could be suitable markers of in vitro hMSC 
differentiation. 

Consequences and perspectives 

Preliminary clinical studies have shown that the injection 
of undifferentiated bone marrow stem cells into the 
infarcted heart can improve cardiac function. The fete 



of the implanted cells, whether they differentiate into 
cardiomyocytes, contribute to neoangiogenesis, or just 
perish, remains unclear. The injection transfers the 
undifferentiated cells, that can well include hMSC, 
directly into an electrically active environment. We have 
demonstrated that hMSC express a consistent pattern of 
ion channels and at least three different ion currents. 
Therefore, the cells have some bioelectrical activity, as 
also shown by others (Kawano et al 2002, 2003). Based 
on our finding we cannot judge whether implantation of 
hMSC is safe or includes the risk of arrhythmia. However, 
careful monitoring of the patients will be necessary and 
will certainly be done, to rule out any pro-arrhythmogenic 
potential of the undifferentiated hMSC or of the hMSC- 
derived cardiomyocytes. 
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